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INTRODUCTION 


Since a procedure has been established for the preparation of a water soluble, non- 
fibrous form of desoxyribonucleohistone (DNH) from the cell nuclei of rat liver and other 
_tissues!, considerable interest has arisen as to the nature of this protein and how it differs 
from the fibrous form which has been studied for some time?»?.}4. KuPKE, ELDREDGE 
AND Luck® have reported on the sedimentation and electrophoretic properties of the 
non-fibrous DNH after purification of the protein to constant chemical composition. 
Comparisons of the intrinsic viscosities of the two forms were also made to indicate 
that the fibrous form is much more asymmetric in the media studied, although the 
' difference is less at higher ionic strengths. 
To characterize the non-fibrous protein further, the present series of viscosity 
' Studies, at different velocity gradients, made on DNH in water, 0.005 M NaCl, 1 M 
NaCl, and 2 M NaCl was undertaken. In order that the axial ratios of the highly 
_ asymmetric particles could be estimated by use of the SIMHA equation® it is necessary 
to study a given protein as a function of velocity gradient, in order that an extrapolation 
to zero shear rate can be carried out. Some anomalous effects, to be described, became 
_ apparent by comparing the viscosity curves for the different velocity gradients. A con- 
sideration will be made of these effects in terms of degradative and aggregation reactions 
which are suggested. In addition, more accurate extrapolations to obtain reduced 
sedimentation constants are made possible by combining this viscosity data with the 
sedimentation data of KuPKE ¢ al. 


EXPERIMENTAL 


The type of capillary viscometer used was that described by DEsREUXx AND BiscHorrF’. The 
first three viscometers which were constructed were designed to give velocity gradients of approxi- 
mately 200, 100, and 50 sec~!. The exact velocity gradients were calculated by means of the formula 
aV/dr =- hdgr/2nl, where h is the pressure head, y is the radius, and 7 is the capillary length in 
centimeters; d is the density and g is the acceleration of gravity; 7 is the coefficient of viscosity 
in poises. The capillary radius of 0.014 cm at first employed was found to be too small for efficient 
operation, at the lowest velocity gradients, since the flow times were so long and capillary became 
so readily clogged. Therefore, a fourth viscometer was constructed for which the capillary radius 
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was 0.0247 cm, designed to have about the same velocity gradient as viscometer W3. The dimensions, 
flow times for water, and calculated velocity gradients are summarized in Table I. 








TABLE I 
DESCRIPTION OF THE CAPILLARY VISCOMETERS 

Pressure Capillary Capillary Velocity Flow time 

head radius length gradient water 

cm cm cm sec} sec 
I 6.1 0.014 25.4 186 1142.5 
2 5.6 0.014 50.8 85 1807.4 
3 3-5 0.014 50.8 53 2586.4 
4 3-1 0.0247 101.6 42 471.8 





The viscometers were immersed in a constant temperature water bath, regulated at 25.0° 
+ 0.01° C. Time measurements were made by use of a Cenco electric timer, reading to 0.01 see, 
or by stopwatches which were calibrated against this timer. Precautions of course were taken to 
insure maximum cleanliness of the viscometers, before measuring. 

All preparations of DNH studied were made according to the procedure of Luck e¢ al.'. For 
some of the studies, further terminal purification® of the lyophilized material was carried out, but 
in most cases the lyophilized powder was dissolved directly in either water or 1 M NaCl, then clarified 
by centrifuging in the Spinco Model L, head + 40, at 20,000 R.P.M. for 15 minutes, and the pH 
adjusted to the desired value. Concentrations in mg of dry protein per ml were determined by 
phosphorus (K1nG-CARPENTER method) analyses or the U.V. absorption at 260 millicrons, the results 
of which were referred back to dry weight determinations. The extinction coefficients and analytical 
results obtained for the preparations used are given in Table II. It should be especially noted that 
when the lyophilized material is initially dissolved in 1 M NaCl rather than water a higher phosphorus 
content (4.5%) is observed. 


TABLE II 


COMPOSITION AND ULTRA-VIOLET ABSORPTION OF VARIOUS SOLUTIONS OBTAINED 
FROM SEVERAL DESOXYNUCLEOHISTONE PREPARATIONS 








Ext.coeff. Lyoph 
Prebm Solvent Treatment O.D. a) — %N N/|P 
F mg P/m mg 
I Lyophilized material 33-5 22.8 4.29 16.1 3-76 
heat dried 
I 1MNaCl Lyophilized material 225 3-77 
treated with 1 M NaCl 
and clarified 
I Water Same; salt dialyzed off 258 3.71 4.66 17.4 3.69 
II Water Lyophilized material 258 1.92 4.08" 16.9 4.15 
treated with water, residue 
extracted with 1 M NaCl, 
dialyzed, pooled, clarified 
I Water Terminally purified: water 13.1 8.19 3.67** 
solution dialyzed and 
clarified 
III Water Terminally purified 251 6.6 2.68 3.65 *" 
A Water Terminally purified 4.08 16.4 4.01 


(D.W.K.) 





“The procedure for preparations II and III had been modified slightly from that used in prepa- 
rations A and I (1), to be described in a future publication. Accordingly, the solubility properties 
were somewhat altered, i.e. a larger residue was observed from the initial water treatment, which 
could be almost completely dissolved by a subsequent treatment with 1 M NaCl. 

** A somewhat lower concentration of protein during the final dialysis was employed than by 
D.W.K., with the result that considerable precipitation occurred during this dialysis, causing a drop 
in the phosphorus composition. 
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For the most extensive viscosity studies, at different velocity gradients, on DNH in 1 M NaCl, 
the stock solution used was prepared by dissolving the lyophilized material in 1 M NaCl, clarifying, 
and adjusting to pH 5.4. This pH was chosen, as it is at this pH that the ultracentrifuge photographs 
of KuPKE show that the smallest diffuse peak near the meniscus (the histone-rich component), and 
it was desired to study the principle component only. In addition, further viscosity determinations 
were Carried out at a single velocity gradient, on DNH preparations which had been further purified 
to various extents, in order to determine the effect of purification. For the partial repurification, 
the lyophilized powder was treated first with water rather than 1 M NaCl, the resulting suspension 
then clarified in the Spinco L. Sodium chloride was added to the supernate to give a molar solution, 
and the pH adjusted to 6.5. For the complete terminal purification’, the procedure was the same 
as just described, only in addition a dialysis at 4° C against 18 | of water was carried out, followed 
by a second clarification in the Spinco L, and then addition of salt. 

Some separations of light and heavy components existing in 1 M NaCl solutions of DNH 
were made by means of prolonged runs in the Spinco Model L preparative centrifuge. Solutions at 
three different total concentrations, and two pH’s, 5.4 and 6.5, were studied. The supernate and 
pellet fractions were each analyzed for nitrogen and phosphorus, and the U.V. absorptions at 260 
millimicrons were taken. Wherever possible, the intrinsic viscosities and sedimentation constants 
were also determined. For run I, a solution at pH 5.4 was taken which had been used for viscosity 
measurement, and centrifuged in head + 40 for 200 min at 40,000 R.P.M. To test whether all of 
the heavy components had been sedimented, the supernate was run again for three hours and the 
resulting supernate analyzed. Two more solutions of different concentrations were then run together 
for 24 hours. A surprising phenomenon was observed in the centrifugation of the 0.48 % solution: 
the material in the large, hard pellet formed was found to be almost completely insoluble in 1 M 
NaCl, and could only be dispersed by the addition of one tenth volume of saturated NaOH. It was 
therefore not possible to determine the intrinsic viscosity or the sedimentation constant for this 
fraction. 


RESULTS 


On comparing the curves of specific viscosity/c versus concentration for water 
and 0.005 M NaCl, shown in Fig. 1, with those obtained for DNH in 1 M NaCl at pH 5.4 
and 6.5 (Fig. 2), it will be seen at once that all solutions of DNH in 1 M NaClshow 
much higher values of 7,,/c than for lower ionic strengths and the values of intrinsic 
viscosity are about four times as great. 

In addition, it is interesting to note 70r Pa 

the way in which viscosity varies with 
velocity gradient for the case of both 
0.005 M NaCl and r M NaCl. For 


line Medium pH dvV/ar 
1 0.005M 65 186 


, eta oiak f ie a 

DNH in 0.005 M NaCl the viscosity = 3 85 
increment curves are parallel and dis- © : 53 
2 5 Water 70 186 


placed upward for decreasing velocity 
gradients. This is the reverse of the 
situation expected when particle orien- 
tation alone is considered, as the vis- eee 
cosity in this case decreases with in- ‘ PC Rasen 
creasing shear gradient. The same sort r 
of viscosity behavior is observed for TT 
DNH in 1 M NaCl in the higher con- 
centration range, but when the protein 01 02 Q3 04 O05 O06 O07 O08 a9 10 
2 . o/ C g/100 mi 

concentration is reduced below 0.15%, iY ate ei : 

d ted effect ene it Fig. 1. Viscosity of solutions of non-fibrous DNH 
& second unexpecte 4 ”- anon xe ee in media of low ionic strength. 
appearance. A sharp rise in magnitude 
of 7,,/¢ occurs in this low concentration range, indicating the formation of particles 
of greater asymmetry on dilution. Moreover, the curves are seen to cross each other, so 
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that the values of intrinsic viscosity obtained by extrapolation vary with velocity 
gradient as expected by the effect of particle orientation along the stream lines. 
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Fig. 2. Viscosity of solutions of non-fibrous 


DNH in media of high ionic strength. Vari- 
ation of msp/¢ with velocity gradient shown. 


When the values of intrinsic viscosity 
for DNH in 0.005 M NaCl, obtained by 
extrapolation of the straight lines (Fig. 1), 
are plotted as a function of the velocity 
gradient, a straight line is obtained which 
extrapolates to 36.2. Using 0.642 as the value 
of partial specific volume for non-fibrous 
DNH", the reduced volume fraction intrinsic 
viscosity (vg) becomes 56.4, which corresponds 
to an axial ratio (b/a) of 25.9 by the StmHa 
equation. One intrinsic viscosity determina- 
tion was also made for DNH in water (pH 
7.0) at 186 sec“, the line obtained being 
shown in Fig. 1. Since in this case determina- 
tions at other velocity gradients were not 
made, it is not possible to obtain a reduced 
intrinsic viscosity directly. However, if the 
effect of particle orientation is considered 
to be operative solely, a reduced intrinsic 
viscosity may be obtained by use of the SImHa 
equation and a set of corrected curves for 
the various velocity gradients drawn up from 
results obtained on a number of protein pre- 
parations with varying asymmetries, each 
studied as a function of velocity gradient**. 
An axial ratio of 24.5 for DNH in water is 


in this way determined. The value is seen to agree closely with that obtained with DNH 
in 0.005 M NaCl, and with the value of 25 found by STEINER® for the non-fibrous form 
of DNH extracted from calf thymus gland by a procedure involving the use of sc!vents 


of low ionic strength only. 


The axial ratios thus calculated do not necessarily describe single molecular species, 
since, especially at higher ionic strengths, several components are always present. The 
calculated axial ratios are, however, weikhted square averages of the asymmetries of 


the components present. 


In 1 M NaCl, in the concentration range above 0.15%, the curves level out and are 
reasonably close to straight lines which may be extrapolated to zero concentration. 
When this is done for the determination at pH 5.4, a reduced intrinisic viscosity may 
again be determined by plotting the intrinsic viscosities thus obtained as a function of 
velocity gradient and extrapolating to zero. The value of v, obtained in this manner, 





* The partial specific volume was determined by Dr. N. T. ELDREDGE of this laboratory. 

** The protein preparations used to establish these corrections to the SImHA equation were fibrous 
thymus DNH, by the procedure of Mirsky AND POLLISTER? a complex of methylene blue and tobacco 
mosaic virus (TMV) in the end-to-end dimeric state, some preparations of TMV, and non-fibrous 
DNH in 1 M NaCl, as described in this paper. These preparations have been characterized by 
sedimentation analysis and other physical studies, as reported in the literature or by work pursued 


in this laboratory to be published. 
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which should correspond to the component existing at higher concentrations, or as we 
shall see the principle component described from sedimentation analysis by KuPKE 
é al’, is 178, which gives an axial ratio of 50.4, (see Table III). On the other hand, the 
more asymmetric component formed by dilution of the DNH below 0.15% is found to 
have a v, of 460, which corresponds to an axial ratio of 87. An additional determination 
was made on DNH which had undergone the first stage of terminal purification, in that 
the lyophilized material was treated with water and the suspension clarified. The curve 
obtained (also shown in Fig. 2) extrapolates to an intrinsic viscosity of 202, which is 
somewhat lower than the value previously obtained. An intrinsic viscosity determination 
was also carried out on a DNH solution which had undergone complete terminal purifica- 
tion, at the lower velocity gradient of 42. The axial ratio obtained is seen to be exactly 
the same as that obtained for the solution which had not undergone the final dialysis, 
meaning that this purification step does not alter the particle asymmetry. A large 
difference in intrinsic viscosity does, however, result from varying the medium in which 
the lyophilized DNH is initially dissolved, much higher values being obtained if 1 M 
NaCl is the solvent rather than water. Moreover, the difference is not only physical, for, 
as mentioned, use of 1 M NaCl rather than water for the initial solvent leads to a higher 
percentage of phosphorus in the protein in solution. 


TABLE Ill 


INTRINSIC VISCOSITIES AND CORRECTED SEDIMENTATION CONSTANTS 
OBTAINED FOR DESOXYNUCLEOHISTONE IN VARIOUS MEDIA 








in Time of Velocity [n] [n}° Seow = Say 
~ ag pH = Solvent — alle v bla by ares a 
I 7.0 Water 186 29.7 33-4 52.0 24.5 10.05 10.21 
A 6.5 0.005 M NaCl 186 47.0 20.0 19.7 
I 7:5 186 44-7 
85 40.4 36.2 50.4 25.9 
53 38.3 
I 5.4 18 1M NaCl 186 255 
85 275 296 470 87 
53 287 
Same: principle component 186 166 
(by extrapolation of | 85 144 114 178 50.4 
lower portion of curves) 53 123 
I 6.5" II 1 M NaCl 186 201 372 77 13.2 15.05 
I 6.5** 18 1 M NaCl 42 231 375 77 
I 6.5 17 2M NaCl 186 212 392 79 8.61 10.17 








adding salt to make a molar solution. 
** Solution was prepared by treating lyophilized material with water, clarifying in Spinco L, 
dialyzing against water, clarifying, and adding salt. 
The seventh column gives values of weight intrinsic viscosity at zero velocity gradient and the 
eight values of volume fraction intrinsic viscosity at zero velocity gradient. 


In order that a complete correlation might be made between the results of sedimen- 
tation analysis and viscosity, a viscosity determination at 186 sec~! was also made for 
the remaining ionic strength included in the sedimentation studies®, 7.e. 2M NaCl. 
The curve, shown at the top of Fig. 2, demonstrates somewhat opposite behavior from 
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that observed for 1 M NaCl, that is, the sharp rise in magnitude of 4,,/c occurs as the 
DNH concentration is increased rather than decreased. 

When some of the initial solutions 
at higher protein concentrations were 


130 measured, the viscosity was found to 
120 increase markedly with time, such that 
differences between successive meas- 

> 10 urements were significant. Therefore, 
© i99 the time dependence of viscosity was 
& studied at several DNH concentra- 


tions. The results are shown in Fig. 3. 
The pairs of points joined by dotted 
lines represent the intervals during 
which the measurements were being 
made at 25°, while during the other 
o longer intervals the solution had been 
107203040350 6070 80 90 90 stored in the cold room, at 4° C. The 
Time - hours 2s , 
surprising result is that for a 0.16% 
Fig. 3. Time dependence of sp/c¢ for solutions of DNH : 
in 1 M NaCl at three concentrations. DNH solution (undergone complete 
terminal purification), the initial 
value of ,,,/c observed right after dilution in 1 M NaCl is much lower than all values 
previously observed as a result of successive dilutions and several days of standing. The 
rise then occurs steadily over a period of days, to give a straight line, except at the 
very end, to reach finally a level corresponding to that previously found. It is interesting 
to note that it is at this concentration that the dip in the curves for »,,/c occurs. 
The rate of viscosity increase is seen to be slowest at the 0.33% concentration and 
highest at 0.92%. 

When the sedimentation rate determinations were made on DNH in the various 
media®, it was not possible to extend the concentration range of the solutions studied 
to below 0.3%, because of the diffuseness of the peak resulting at low concentrations. 
It is quite possible that the accuracy of extrapolation might not be too great, because 
of the tendency of upward curving of the S vs. c curve as zero concentration is ap- 
proached, which has been observed for such asymmetric molecules as fibrous DNH* 
and DNA®. A more accurate method of extrapolation, as suggested by SCHACHMAN AND 
LAUFFER”, is to plot values of 7,*Sg9 ,, Where 7, is the relative viscosity of the solution 
at the same concentration as employed for the sedimentation rate determination, as 
function of concentration and extrapolate to zero. Since some of the 1 M NaCl solutions 
show considerable viscosity change with time, the viscosity values used were at 2% 
hours standing after salt addition, (see dotted line in Fig. 2), which is about the average 
time interval for the ultracentrifuge runs. Similar time variation of 7,,/c was also 
observed for DNH in 2 M NaCl at the higher concentrations. The upper part of the 
sigmoid curve represents on the average about one week of standing. Extrapolation 
of some of the results back to 2% hours gives a straight line, shown in dashes at 
the extended portion. This was used in the calculation of the relative viscosities used 
in the products plotted in Fig. 4. The best straight lines, fitted to the 7,°Sao » vs. ¢ 
data by the method of least squares, can be compared with the lines of Sop , vs. c. 
It is of interest to note that the two lines of each pair extrapolate to the same 
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value of Soo. for the media water and 0.005 M NaCl, and that for 1 M and 2 M NaCl 
the values of Sy) ,, obtained from the 7,°Sg9,. plots are appreciably higher than those 
obtained by the plots of Sg ,, alone. This is 
not too surprising since the particles are of 
comparatively low asymmetry in the low 
ionic strength media, whereas they are highly 
asymmetric at the higher ionic strengths 
and the viscosity behavior is complex. In the 


NN 


N\ 
% 


case of the 0.005 M NaCl determinations, <<" 
the solution used for the viscosity run at i 
pH 6.5 (curve 1, Fig. 1) was prepared by “~ 
KuPKE in the same manner and from the same . ad 
DNH batch as used for the sedimentation & 


ff 
R 
7 


runs. 
In order that a more complete under- 


standing may be gained of the particle break- 
down and dissociation reactions occurring 
in I M NaCl, which have already been sug- @ 
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gested by the viscosity and sedimentation = 

results, some fractionation experiments were 6r Vf 9 2m wocl 

carried out, by the centrifugation of 1 M P | pa 

NaCl solutions of DNH at three concentra- _ —- 

ae 0 4 0 

tions. The conditions used and the results Mol eae a pay Oy aa 

obtained have been summarized in Table IV. 7 C + tee is et oa 

“1g. 4. omparison O e€ pilots of sedi- 

It was at first thought that the 200 mentation constants times corresponding 

minute period of centrifugation was not relative viscosities with those of the sedi- 
. . mentation constants as a function of 

sufficiently long to cause complete sedimen- concentration, for DNH in various media. 


tation of the heavy component. Therefore, 

the supernate was run again for another three hours, with the result that a very small 
pellet was formed. However, there was very little decrease in average asymmetry as a 
result of the second centrifugation, meaning that very little of the more asymmetric 
component initially present could have been sedimented. The twenty-four hour period 
used in run II was actually too long for the desired separation, as ultracentrifugal 
analysis of the pellet showed the presence of some light fraction, the presence of which 
also explains the fact that the N/P ratio observed was higher than for the other heavy 
fractions analysed. The sedimentation constant calculated for the faster sedimenting 
of the two components has a value a little lower than that of the principle component®, 
and for the lighter component a somewhat greater value than the one obtained for the 
diffuse or histone-rich component. The sedimentation constant calculated for the pellet 
fraction of run I roughly corresponds to the value for DNH in 2 M NaCl. 

The results of chemical analyses show varying degrees of unequal distribution of 
nucleic acid and histone between the supernate and pellet fractions, indicating dissocia- 
tion, but in no case is the splitting complete. As the initial DNH concentration is in- 
creased, the fraction of material going into the pellet is increased, and the supernates 
are found to be more nearly pure histone as indicated by the much higher N/P ratios. 
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TABLE IV 
CHEMICAL ANALYSES AND PHYSICAL STUDIES ON THE FRACTIONS OBTAINED 
BY THE ULTRACENTRIFUGATION OF SOLUTIONS OF DNH In 1M NaCl 


Run I: 0.0388 % DNH, pH 5.4. Time of standing since salt addition: 26 days. 











; Time of Vol. Total > % total : dV |/dr 7 
Fraction ultracent. ml mg P NIP Nin fract. S 20,2 sec—) (n] +f oa 
Supernate I 200 min 22.0 0.256 4-34 77.0" 186 139 
II 180 186 135 226 58 
53 140 
Pellet I 200 2.0 0.122 2.68 23.0 7.30 





Run II: pH 6.5. Time of standing since salt addition: 3 days. Time of ultracentrifugation: 24 hours. 








Total 





' . ° % Oo . "ldr , 
Solution Fraction Vol. joe NIP xp of ae Sum pode [n] yo bla 
A. 0.0535 % Supernate 22.0 0.085 9.9 43.2" 85 105 180 51 
DNH Pellet 2.2 0.416 2.93 560.8 fast 10.41 53 164 #271 64 
slow 1.63 

B. 0.482% Supernate 

DNH 1. top 2.0 0.0075 63.5 29.9 85 28 40 23 
2.bottom 9.0 0.0702 30.4 
Pellet ** 4:0 2.25 2.60 66.7 





* These values were determined by difference. 
** The pellet was first extracted with 4 ml of water, which was analyzed for phosphorus only 
and found to contain 0.012 mg P. 


DISCUSSION 


The reversed variation of magnitude of 7,,/c with velocity gradient from that 
expected for DNH in 0.005 M NaCl and in 1 M NaCl for higher protein concentration is 
a phenomenon worthy of further consideration. There is a possibility that the flexibility 
of the particles is a factor involved. However, KUHN AND KUHN"! have shown that even 
for polymers having the maximum flexibility, that is zero shape resistance, the variation 
of specific viscosity with velocity gradient is a horizontal straight line, and that for all 
other particles there is a falling off of viscosity as the shear rate is increased. This ex- 
planation, therefore, is not sufficient. It would appear that orientation of the long axes 
of the various particles formed more or less along the stream lines by causing the solution 
to flow has resulted in a kind of reversible aggregation which increases the viscosity. 

It might be asked why sharp peaks down to very low concentrations are not 
obtained for DNH in 1 M NaCl, when the particles formed are quite asymmetric and a 
higher S3o » is obtained by extrapolating 7,*S99,. values to zero concentration. The 
answer is to be found in the fact that the extensive particle breakdown apparently 
occurs in the 0.1 to 0.2% concentration region, particularly as shown by the results of 
viscosity-time studies for the 0.16% solution. The time at which all analytical ultra- 
centrifuge runs were made was shortly after salt addition, meaning that in this region 
the sub-particles formed were of minimum asymmetry, not having had a chance to 
reaggregate, since by Fig. 3 at least 5 days of standing are required to bring the value of 
Nsp/¢ up to the level found initially for higher DNH concentrations. 
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Studies on the supernate and residue fractions obtained by centrifugation reveal 
that in general there is a dissociation of DNH in r M NaCl, to yield a less asymmetric, 
more histone-rich component in the supernate than in the residues. However, additional 
effects were observed to result from the reduction of the total DNH concentration 
below 0.3%, indicating a very complex break-down of the particles at low concen- 
trations. As the concentration is decreased, both the amount of material in the supernate 
and the percentage of DNA in the fraction increase, as evidenced by the decreasing 
N/P ratios. Furthermore, the asymmetry of the components of this fraction increases 
markedly, and there is also a well-defined lowering of the sedimentation constant of the 
main component in the pellet fraction, (Table IV). One possible interpretation which 
may be made of these results would be as follows: The DNH solution at the higher 
concentration of 0.48% in 1 M NaCl dissociates partially into a depolymerized, less 
asymmetric histone which remains in the supernate and a small amount of depolymerized 
nucleic acid of varying particle size, the presence of which accounts for the gradient 
of phosphorus concentration found in the supernate. On decreasing the DNH concentra- 
tion to 0.0535%, without changing other conditions, more nucleic acid appears in the 
supernate, meaning that there is more dissociated nucleic acid in depolymerized form. 
The increased intrinsic viscosity observed could be explained by the increased amount 
of asymmetric DNA present. A comparison of the sedimentation constant of 10.4 found 
for the heavy component with the value of 13.0 obtained by KupKE e¢¢ al.* for the principle 
component at the same concentration (by extrapolation), reveals that a small portion 
of the original particle must have split off. Also, the fact that the Sg ,, observed for 
the slow moving boundary was over 1% times his value for the diffuse component at 
higher concentrations can be explained by the occurrence of some aggregation of the 
light components. 

This process of splitting off portions of the original particle by the action of salt is 
seen to be carried even further as a result of further dilution of the DNH and standing. 
The effect of dilution would appear to be the splitting off of a greater proportion of DNA, 
which can then undergo aggregation, explaining the viscosity increase with time. The 
So, Was also determined for the principle component in a 0.16% solution of DNH in 
1M NaCl, pH 6.5, which had stood at 4° for 70 days, and found to have a value of 
9.45 Svedbergs, which is lower still than the value for solution A, run II. This and the 
fact that the solution has lower initial asymmetry suggests that more histone as well as 
DNA splits off at this concentration. On reducing the concentration to zero, the steep 
viscosity rise can be explained in terms of further length-wise splitting, to give particles 
having a maximum axial ratio of 87, or 77 in the case of the terminally purified prepara- 
tions, as determined from the values of intrinsic viscosity (Table ITI). 

A consideration of the differences in the viscosity curves obtained for r M NaCl 
and for 2 M salt is also of interest. It will be noted that the intrinsic viscosities observed 
for the two media at pH 6.5 yield values of axial ratio of 77 and 79, which are the same 
within the experimental error. Thus, at low DNH concentrations in 1 M NaCl, the 
particles split to a more asymmetric form, just as they do in 2 M NaCl, only in this case 
the splitting apparently occurs over the entire concentration range. In addition, at the 
ionic strength of 2, by the rise in magnitude of 7,,/c occurring with time at concentra- 
tions above 0.2%, aggregation of the split fragments is seen to occur, which increases 
the asymmetry further. This type of splitting is similar to that suggested by BERNSTEIN 
AND Mazia!? for the dissociation reaction occurring in r M NaCl. However, the cross- 
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wise splitting of DNH in 1 M NaCl which appears to occur at 0.16% would be more 
analogous to BERNSTEIN AND MAzia’s degradation reaction. 

Using the values of axial ratio and S$, ,, obtained as described, it is possible to 
calculate some rough values of molecular weight by use of the equation: M?3 = 


0 23 7 13 
——- ath a (31/47) -18, The frictional ratio (///,) is obtained from the axial ratio 
by use of the PERRIN equation. In the calculation, no hydration is assumed, so that in 
effect the molecular weight being calculated is that of the effective hydrodynamic ellip- 
soid, discussed by SCHERAGA AND MANDELKERN", Although the values thus obtained 
are not true particle weights, the relative differences for the different media will at 
least be valid. The molecular weights calculated for DNH are 300,00 in water, 820,000 
in 0.005 M NaCl, 965,000 for the principle component in r M NaCl, and finally 865,000 
in 2 M NaCl. These results are entirely in accordance with the particle sizes suggested 
by the sedimentation results of KupKE ef al.5. They indicate the occurrence of aggre- 
gation to roughly a three-fold extent in all salt solutions, with increase of asymmetry 
at higher ionic strengths but not in 0.005 M NaCl. The molecular weight decrease 
in 2M NaCl from the value in molar salt would correspond to splitting off of 10% 
of the principle component. 
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SUMMARY 


1. Complete viscosity-concentration determinations were carried out at three velocity gradients 
for non-fibrous desoxyribonucleohistone (DNH) in 0.005 M NaCl and 1 M NaCl. The variation of 
specific viscosity with velocity gradient at a given concentration was found to be the reverse of 
that expected, t.e. viscosity decreased with decreasing gradient, for DNH in 0.005 M NaCl and in 
1 M NaCl in the concentration range above 0.16%. 

2. An additional anomaly was observed for the behavior of DNH in 1 M NaCl: the viscosity 
curves rose steeply on decreasing the protein concentration below 0.16%, indicating the formation, 
on dilution, of a more asymmetric component. The values of intrinsic viscosity obtained were found 
to increase with decreasing velocity gradient, as expected by the result of particle orientation, 
according to the principle of structural viscosity. 

3- In addition, the intrinsic viscosities were determined at one velocity gradient for DNH in 
water and in 2 M NaCl. Values of axial ratio for DNH thus obtained were as follows: 25 in water 
and 0.005 M NaCl, 50 for the principle component and 77 for the asymmetric component in 1 M NaCl, 
79 in 2 M NaCl. 

4. The values of Sdo. « determined by extrapolating 7¢-Syo» to zero were found to be higher 
than those resulting from extrapolation of Syo,, vs. c, for molar and 2 M salt only, as expected for 
particles of high asymmetry. 

5. To gain a more complete understanding of the manner in which the particles break down 
in 1 M NaCl, some mixtures were fractionated by centrifugation, and the supernate and residue 
fractions studied separately. It was found that as a result of dilution of DNH and increasing the 
length of time of standing, increasing amounts of material and especially of DNA were found in 
the supernate, and the average asymmetry of the supernate fraction also increased. In addition, 
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dilution and longer time of standing caused a decrease in the sedimentation constant of the main 
component in the pellet fraction. If the total concentration is 0.16%, the initial viscosity is much 
below the stable level and increases slowly with time as aggregation occurs, and the sedimentation 
constant of the principle component is at a minimum. 


RESUME 


1. La relation entre viscosité et concentration pour des solutions de désoxyribonucléohistone 
(DNH) non fibreuse dans NaCl 0.005 M et NaCl 1 M a été étudiée sous trois gradients de vitesse. 
La viscosité spécifique 4 une concentration donnée varie en fonction du gradient de vitesse, en sens 
inverse de celui attendu, c’est-a-dire que la viscosité diminue quand le gradient diminue, dans le 
cas de DNH dans NaCl 0.005 M et 1 M, et pour une concentration supérieure 4 0.16%. 

2. Le comportement de DNH dans NaCl 1 M présente une anomalie supplémentaire: les courbes 
de viscosité s’élévent rapidement quand la concentration en protéine tombe au dessous de 0.16%, 
trahissant la formation, par dilution, d’un composé plus asymétrique. Les valeurs de la viscosité 
intrinséque augmentent quand le gradient de vitesse diminue, en raison de l’orientation des particules 
et conformément au principe de la viscosité structurale. 

3. Les viscosités intrinséques ont été de plus déterminées pour un gradient de vitesse dans 
l'eau et dans NaCl 2 M. Les valeurs du rapport axial ainsi obtenues sont les suivantes: 25 dans l’eau 
et dans NaCl 0.005 M; 50 pour le composé principal et 77 pour le composé asymétrique dans NaCl 
1M; 79 dans NaCl 2 M. 

4. Les valeurs de S%o,», déterminées en extrapolant Hr* Seo, jusqu’a o, sont plus élevées que 
celles qui résultent de l’extrapolation de Sy» , en fonction de C, et ceci seulement en solution salines 
M et 2 M, résultat prévisible pour des particules trés asymétriques. 

5. Afin de mieux préciser la facon dont les particules se rompent dans NaCl 1 M, quelques 
mélanges ont été fractionnés par centrifugation et le surnageant et les fractions résiduelles étudiées 
séparément. En fonction de la dilution et du temps écoulé aprés celle-ci, des quantités croissantes 
de produits et particuli¢érement de DNA restent dans le surnageant, et l’'asymétrie moyenne du 
surnageant augmente. En outre, aprés dilution et repos prolongé, la constante de sédimentation 
du composé principal du culot diminue. Si la concentration totale est égale 4 0.016, la viscosité 
initiale est trés en dessous du niveau stable et augmente lentement avec le temps au fur et 4 mesure 
que l’aggrégation progresse; la constante de sédimentation du constituant principal est a son 
minimum. 


ZUSAMMENFASSUNG 


1. Es wurden volistandige Viskositats-Konzentrationsbestimmungen bei drei Geschwindigkeits- 
gradienten an nicht fibrillarem Desoxyribonukleohiston in 0.005 M NaCl und 1 M NaCl ausgefiihrt. 
Es wurde gefunden, dass sich die spezifische Viskositat bei einer gegebenen Konzentration mit den 
Geschwindigkeitsgradienten umgekehrt veranderte wie erwartet wurde, d.h. fiir Desoxyribonukleo- 
histon (DNH) in 0.005 M NaCl und 1 M NaCl in einem Konzentrationsbereich iiber 0.16%, nahm 
die Viskositat mit abnehmendem Gradienten ab. 

2. Fiir das Verhalten von DNH in 1 M NaCl wurde eine zusatzliche Anomalitat beobachtet: 
Die Viskositatskurve steigt steil an, wenn die Proteinkonzentration unter 0.16%, vermindert wird, 
dieses Verhalten zeigt die Bildung einer starker asymmetrischen Komponenten bei der Verdiinnung 
an. Die Werte fiir die “‘intrinsic’’ Viskositat nehmen mit abnehmenden Geschwindigkeits zu, wie 
es als Folge der Teilchenorientierung auf Grund der Strukturviskositat zu erwarten war. 

3. Zusatzlich wurden die ‘‘intrinsic’’ Viskositaten fiir DNH in Wasser und 2 M NaCl bei einem 
Geschwindigkeitsgradienten bestimmt. Es wurden folgende Werte fiir das Achsenverhaltnis des DNH 
gefunden: 25 in Wasser und 0.005 M NaCl, 50 fiir die Hauptkomponente und 77 fiir die asymmetrische 
Komponente in 1 M NaCl und 79 in 2 M NaCl. 

4. Es wurde gefunden, dass die Werte fiir S20, w# die durch Extrapolation von jr X Seo, w gegen 
null erhalten wurden, hdher liegen, als die durch Extrapolation von Sgo 4 gegen ¢ gewonnenen. Dies 
gilt nur fiir molare und 2 M Salzlésungen, wie es fiir Teilchen hoher Asymmetrie zu erwarten ist. 

5. Um ein vollstandigeres Bild iiber die Art und Weise, in der die Teilchen in 1 M NaCl abgebaut 
werden, zu erhalten, wurden einige Mischungen mit der Zentrifuge fraktioniert und die Uber- 
stands- und Riickstandsfraktionen getrennt untersucht. Es wurde gefunden, dass als Ergebnis der 
Verdiinnung des DNH und langeren Stehenlassens gréssere Materialmengen, insbesondere DNA, im 
Uberstand gefunden wurden und die durchschnittliche Asymmetrie der Uberstandfraktion ebenfalls 
grésser wurde. Dariiberhinaus verursachen Verdiinnung und langeres Stehenlassen eine Abnahme 
der Sedimentationskonstanten der Hauptkomponenten der Riickstandsfraktion. Wenn die Gesamt- 
konzentration 0.16 betragt, liegt die Anfangsviskositat erheblich unter der bestandigen Héhe und 
nimmt im Laufe der Zeit mit zunehmender Aggregation zu und die Sedimentationskonstante der 
Hauptkomponenten hat ein Minimum. 
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INACTIVATION, PAR LES RAYONS X, D’UN FACTEUR 
TRANSFORMANT DU PNEUMOCOQUE 


par 


HARRIET EPHRUSSI-TAYLOR Er RAYMOND LATARJET 


Laboratoire de Génétique de la Faculté des Sciences et du C.N.R.S. et 
Laboratoire Pasteur de l'Institut du Radium, Paris, (France) 


La détermination du poids moléculaire des acides désoxyribonuciéiques se heurte 
a de grandes difficultés, du fait que les méthodes physiques habituellement employées 
ne lui sont pas applicables. Ceci tient a l’asymétrie de ces molécules hautement 
polymérisées, et a leur comportement anormal en solution, di sans doute a de puissantes 
actions inter-moléculaires. 

On peut, semble-t-il, tourner ces difficultés dans le cas particulier des agents 
transformants du pneumocoque (TP), dont l’identité parait suffisamment bien établie 
pour les désigner comme des molécules d’ADN douées d’une activité biologique spéci- 
fique. Une irradiation appropriée inactive ces agents par des processus qui offrent 
l’avantage d’intéresser la molécule dans son état naturel, c’est a dire non perturbé par 
un traitement préalable. On doit alors pouvoir, par la méthode classique de radio- 
micrométrie statistique, déterminer un volume radiosensible dont on discutera l’identité 
avec la molécule elle-méme. 

Au moyen de deuterons de 3.8 mev et d’électrons de 2 mev, FLUKE, DREW ET 
POLLARD! ont effectué une premiére tentative dans ce sens, et conclu a un poids molé- 
culaire d’environ 6-10®. Mais leur technique parait sujette a certaines critiques— 
dessication préalable du produit, suivie d’une redissolution; absence de titrations 
quantitatives des agents actifs; courbes d’inactivation imprécises—., sur lesquelles nous 
reviendrons plus loin, qui font souhaiter une confirmation de leur travail. Dans ce but, 
nous avons utilisé des rayons X, en nous efforgant de satisfaire aux conditions dans 
lesquelles le poids du volume mesuré se rapproche le plus du poids moléculaire vrai. Ce 
travail suggére que le TP a un poids moléculaire inférieur ou égal a 7.3-10°. 


MATERIEL ET METHODES 


Agent transformant. Parmi les divers agents transformants, nous avons choisi celui, 
TP Sr, qui confére au pneumocoque la résistance 4 2 mg de streptomycine par cm® de 
milieu de culture environnant, sans induire la formation de bactéries a résistance 
intermédiaire. Ce choix fut dicté par le fait que cet agent peut étre titré d’une facon 
rigoureusement quantitative. L’agent fut isolé a partir d’une souche de pneumocoque 
possédant l’aptitude héréditaire a proliférer en présence de cette énorme concentration 
de l’antibiotique. Cette souche nous a été procurée par HOTCHKISS qui fut le premier a 


* Avec l’assistance technique de Mlle. A. MuNERAT et de Mr. P. MoRENNE. 
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démontrer que certaines résistances de ce genre sont sous le contréle d’agents trans. 
formants, localisés, comme l’agent capsulaire, dans lADN d’une bactérie®. Selon des 
méthodes antérieurement décrites*, l’agent fut isolé sous forme de préparations d’ADN 
partiellement purifiées, 4 savoir débarrassées des protéines, des polysaccharides, et de 
la plus grande partie des acides ribonucléiques. Nous avons utilisé deux préparations 
distinctes dont les teneurs en ADN étaient respectivement 1.45 et 0.85 mg par ml. 
A condition d’étre suffisamment concentrée, une solution de l’agent en eau 
physiologique conserve son activité pendant des années. En revanche, les solutions 
diluées s’affaiblissent rapidement et perdent leur activité en quelques jours. Nous avons 
constaté qu’on stabilise parfaitement les solutions, méme les plus diluées, en leur 
ajoutant, a des concentrations de 1% ou plus, de l’extrait de levure Difco préalablement 
nettoyé par absorption sur charbon®. Cet extrait ne géne pas les titrages d’activité 
biologique car il fait partie du milieu de culture utilisé pour les transformations. 


Titrages de l’activité. Quand des pneumocoques sensibles a la streptomycine proliférent dans un 
milieu approprié en présence de l’ADN provenant de pneumocoques résistants, certaines bactéries 
acquiérent une résistance a l’antibiotique, identique a celle des bactéries qui ont fourni l’ADN. En 
l’occurence ces bacteries transformées résistent 4 une concentration de 2-10~* de streptomycine. 
Dans les conditions décrites ci-dessous, le nombre des transformations est fonction linéaire de la 
quantité d’ADN ajoutée a la culture. La mesure de ce nombre, c’est a dire le titrage de l’activité, 
s’effectue comme suit: 

1. La souche bactérienne détectrice, lignée R36A, sans capsule, est repiquée tous les jours par 
transfert de 0.2 ml de la culture précédente dans 5 ml de milieu de culture additionné de 0.1 ml de 
sang defibriné*. Aprés 4 heures d’incubation, la nouvelle culture, soit C, ayant atteint sa densité 
maximum, est préte a servir. 

2. On prépare dans un flacon d’Erlenmeyer stérile la quantité désirée du mélange suivant (M) 


— milieu pour transformation?: 1oo ml 
— solution stérile de sérum albumine de 

beeuf (Armour, fraction V)a4p.100: 5 ml 
— Culture bactérienne C diluée 100 fois: 2 ml 


s 


3. On prépare les ‘‘cultures 4 transformations’’ en mélangeant dans des petits tubes stériles 
(13 X 100 mm) o.1 ml de la solution d’ADN 4 titrer, diluée ou non, et 2 ml du mélange. La quantité 
d’ADN est ici ajustée de fagon a donner entre 100 et 500 tranformations par culture. Ces cultures 
sont mises pendant 4 heures a l’étuve a 37°. Elles en sont ensuite retirées et refroidies dans un 
bain glacé. 

4. Le contenu de chaque tube (assuré par un rincage) est versé dans une boite de Petri. On lui 
ajoute rapidement, et en mélangeant, environ 15 ml de milieu gélosé fondu a 50°*% contenant un peu 
de sang défibriné de cheval et 3 mg de streptomycine. A cette concentration (2-10~), l’antibiotique 
sélectionne a coup sir, exclusivement, et sans risque de les tuer, les bactéries transformées résistantes 
a une concentration 10 fois supérieure. Aprés 24 heures d’incubation 4 37°, on dénombre les colonies 
résistantes. Les témoins, préparés de la méme facon mais sans addition d’ADN, n’en présentent aucune. 

Dans ces conditions et pour une culture détectrice donnée, le nombre des colonies résistantes ainsi 
obtenues est fonction linéaire de la quantité d’ADN tant que celle-ci ne dépasse pas 0.1 microgramme. 
(C’est a dire — probablement — tant qu’on évite toute compétition entre plusieurs unités de TP 
pour une méme bactérie). Cette limite de la linéarité qui fut réguli¢rement contrélée, dépend unique- 
ment de la quantité d’ADN, et non du nombre d’unités actives, comme si les unités inactivées 
conservaient leur pouvoir d’interférence. 

Pour une quantité donnée d’un ADN donné, le nombre des colonies résistantes varie d’un jour 
a l’autre, par suite de fluctuations incontrélables du systéme détecteur. Ainsi, chacune de nos expé- 
riences a-t-elle comporté un étalonnage témoin de l’ADN, au cours duquel on vérifiait la linéarité de 
la titration. En moyenne, 0.1 ml de nos solutions stock d’ADN diluées 10°-® fois, donnait 100 a 300 
colonies résistantes. . 

Notons enfin que nos titrages ont tenu compte des instants ot les bactéries acquiérent le TP, 
et ot le nouveau phénotype s’exprime, au sein des ‘‘cultures a transformation’’. La réaction entre 
bactéries et TP a lieu pendant une période restreinte qui se situe entre 2 et 3 heures d’incubation. 
L’expression phénotypique de la transformation n’apparait qu’une heure plus tard, ainsi qu’ HOTCHKISS 
l’a observé en d’autres circonstances*. 

Irradiations. Le TP a été irradié dans des cupules de plexiglass; 0.2 ml de la solution d’ADN 


Bibliographie p. 197. 





—) 





- 


voL. 16 (1955) FACTEUR TRANSFORMANT DU PNEUMOCOQUE 185 


s'y étalaient en une couche circulaire de 16 mm de diamétre et d’épaisseur 4 peu prés uniforme égale 
41mm. Aprés l’irradiation, on prélevait 0.15 ml de l’échantillon et on procédait au titrage de l’activité 


résiduelle selon la technique ci-dessus décrite. 

La source était une anti-cathode de molybdéne débitant, sous 33 kV et 30 mA, un rayonnement 
filtré sur 0.05 mm d’aluminium, et dont la longueur d’onde moyenne était 0.9 A. L’intensité du 
rayonnement au niveau de la préparation était contrélée 4 + 2% prés, et maintenue 4a 1 kiloroentgen 
par seconde. Par suite de la forte absorption de ce rayonnement dans la préparation, |l’intensité 
moyenne vraie dans la solution était réduite a 0.9 kr/seconde. Dans la suite de cet exposé, toutes les 
doses indiquées représentent en roentgens les doses vraies recues (soit, pour tr, une densité d’énergie 


absorbée de 93 ergs par gramme — I.I rep). 
Précision des résultats. Cette précision n’est pas limitée par la mesure des doses de rayons X, 


assurée 4 + 2% prés, ni par les erreurs standard calculables commises sur |’échantillonnage des 
populations bactériennes, mais par les fluctuations statistiques du taux de transformation, et par les 
erreurs inhérentes aux manipulations. Nous nous sommes contentés de répéter les expériences, et de 
contréler la reproductibilité des résultats. En fait, celle-ci s’est avérée trés satisfaisante. (Voir 


Tableau IIT.) 


IRRADIATION DU TP EN SOLUTION, EN PRESENCE D’AGENTS PROTECTEURS 


On ne peut déterminer un volume moléculaire a partir d’une courbe d’inactivation, 
que si l’inactivation résulte d’un “effet direct”, c’est a dire d’une réaction de type 
monomoléculaire consécutive a l’absorption de l’énergie radiante au sein méme de la 
molécule considérée. A vrai dire, on évite difficilement que ne se produisent également 
des “‘effets indirects’”” de type bimoléculaire entre cette molécule et des éléments du 
milieu environnant (radicaux libres, molécules), activés par le rayonnement. La mesure 
du volume moléculaire exige que l’on minimise autant que possible l’importance relative 
de ces effets indirects, soit par dessication, soit, en solution, par l’addition de substances 
“protectrices” qui détournent sur elles les réactions des éléments activés du solvant, soit 
en opérant a |’étant solide aprés congélation, soit enfin, dans certains cas, en privant 
la solution de l’oxygéne qu’elle contient. 

La dessication, procédé utilisé par FLUKE ef al.1, nous a paru contre-indiquée dans 
le cas présent pour les raisons suivantes. 

1. d’aprés McCarty‘ opérant sur un agent capsulaire du pneumocoque, et ZAMEN- 
HOF® opérant sur un agent similaire de Haemophilus influenzae, la dessication totale 
entraine per se une forte inactivation de l’agent —indépendante de l’irradiation. Inver- 
sement, en procédant a une dessication incompléte, on laisse subsister un effet indirect 
qui entraine une sur-estimation incontrélable du poids moléculaire mesuré. 2. Pour 
mesurer l’activité biologique des échantillons irradiés a l’état sec, il est nécessaire de 
les remettre en solution, et comme cette dissolution de l’ADN est trés lente, FLUKE ¢é¢ al. 
ont dia vérifier que leur récupération était compléte en mesurant l’absorption des 
solutions 4 260 mu. Or l’absorption UV des ADN hautement polymérisés est susceptible 
d’augmenter a la suite de traitements qui provoquent des changements de structure’®. 
En pareil cas, la quantité récupérée est inférieure a celle que l’on déduit d’une absorption 
UV supposée constante. Ceci conduit 4 surestimer |’efficacité du rayonnement, donc le 


poids moléculaire recherché. 


Substances organiques 

C’est pourquoi nous avons préféré irradier le TP en solution aqueuse, en présence de 
substances protectrices. La premiére de celles-ci fut l’extrait de levure purifié sur char- 
bon, déja utilisé pour stabiliser les solutions diluées de TP, 4 des concentrations comprises 
entre 0.5 et 10%. 
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Sur la base de l’expérience acquise lors de multiples irradiations de bactériophages 
avec les rayons X’, nous pensions que l’extrait de levure adsorbé sur charbon donnerait* 
une protection compléte du TP alacon- 10 
centration de 1%. I] n’en est rien. Si l’on 
éléve cette concentration jusqu’a 10%, la 
protection augmente a tel point qu’on n’est 
pas assuré d’en avoir encore atteint la 
limite c’est a dire la protection totale 
contre les effets indirects (Fig. 1). I] n’était 
guére possible de dépasser cette concentra- 
tion de 10% qui approche la saturation de 
l’extrait. Mais sachant que l’adsorption sur 
charbon enléve a l’extrait environ 90% de 1 
ses substances absorbant A 2600 A, on 
pouvait penser qu’un extrait non soumis 
a ce traitement sur charbon serait un pro- , 
tecteur plus efficace. Bien que cet extrait ; 
non adsorbé soit inhibiteur pour les trans- ; 
formations, nous avons pu effectuer les 
essais en prenant soin de diluer suffisam- : - 
ment les échantillons aprés l’irradiation et 
avant d’en mesurer l’activité restante. Les 
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résultats alors obtenus sont superposables — 51 \ ' sail 

‘ e ‘ ° 4 4 ; 

& ceux que donne |’extrait adsorbé. e 2 3 5 6 x 105r 
Nous avons alors étudié la protection Fig. 1. Courbes d’inactivation du TP en solu- 


tion a 10~% dans des extraits de levure a 1 %, 


fournie par deux protéines: d’abord la 2.5%, 5% et 10%. 


sérum albumine de boeuf (fraction V d’Ar- 

mour) a 4%, qui s’est révélée, a poids égaux, moins efficace que !’extrait de levure; puis 
une catalase impure (crude catalase powder Armour), qui, a poids égaux, s’est montrée 
a peu prés 2 fois plus efficace que l’extrait de levure, c’est a dire trés active a condition 
d’utiliser des concentrations a la limite de la solubilité. Celle-ci (2.5%) n’assure pas encore 
une protection maximum. I] est évident que l’action protectrice de cette catalase brute 
ne reléve pas de son activité enzymatique, puisqu’a la concentration de 0.1% aucune 
activité protectrice ne se manifeste. 


Remarques 


I. Post-effet. On connait depuis peu la grande sensibilité des acides nucléiques et des 
particules qui en contiennent (virus, génes) a l’égard du “‘post-effet’’ des radiations 
ionisantes, lorsque les irradiations sont pratiquées en milieux aqueux et en présence 
d’oxygéne dissout*. Nous avons observé qu’en présence d’extrait de levure, méme a 1%, 
aucun post-effet des rayons X sur le TP ne se manifeste. Le taux d’inactivation, con- 
sécutif 4 une dose donnée, reste le méme, qu’on le détermine dans les 30 minutes qui 
suivent l’irradiation ou plusieurs jours plus tard. 

2. Sensibilité du TP aux actions indirectes. 11 ressort des expériences précédentes que 
le TP dissout en milieu aqueux est remarquablement sensible a l’action indirecte des 
produits actifs de l’eau irradiée. Si, comme nous I’avons fait, on irradie parallélement le 
TP et de petits bactériophages (phages anti-coli Tr et anti-dysentérique S-13), on con- 
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state que les phages sont totalement protégés par l’extrait de levure 4 1%, tandis que le 
TP ne l’est peut-étre pas encore par l’extrait 4 10% (c/. Fig. 1 et 2). Le TP manifeste 
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Fig. 2. Courbes d’inactivation par effet direct. 

I. du TP (en extrait de levure a 10 % congelé) : 

0@A/ (en pointillés, la courbe corrigée) ; 
II. du bactériophage S-13: x. 


une “‘affinité’’ beaucoup plus grande que 
les phages pour les produits actifs de l’eau 
irradiée. 


Auto-protection 


Dans son travail initial, DALE® a démon- 
tré, sur un enzyme, le phénoméne d’auto- 
protection, reconnu depuis lors comme trés 
général. Il est fondé sur le fait que les 
particules inactivées restent des accepteurs 
de radicaux libres, et protégent, en consé- 
séquence, les particules encore actives. La 
radio-résistance de la solution augmente avec 
la concentration en particules; lorsque celle- 
ci devient suffisaamment élevée, on atteint 
une protection presque totale contre les effets 
indirects. 

Les résultats ci-dessus décrits laissent 
prévoir une forte protection du TP par soi- 
méme. Les deux expériences suivantes le con- 
firment (Tableau [). 

Des données plus nombreuses de ce 
type pourraient étre utilisées pour calculer, 
connaissant le poids moléculaire du TP, la 
probabilité d’inactivation d’une molécule de 
TP lors de sa rencontre avec un radical actif. 


TABLEAU I 


AUTO-PROTECTION DU TP CONTRE L’INACTIVATION PAR LES RAYONS X 





Concentrationd ADN = Survie p. roo 
dans Il’ extrait delevure aprés une dose 




















a 1% (y par ml) de 54 kr 
430 96 
140 58 
43 25 
14 18 
4,3 22 
Concentration d ADN Survies p. 100 apres les doses de (kr) 
dans |’ extrait de leeure ———— —_—_— 
4 0.5% (y par ml) 45 go 180 360 
430 55 8.5 0.23 
220 20 1.7 0.20 
110 8 0.9 0.08 
55 54 3.8 0.5 
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Influence de Voxygéne 


Pour savoir si l’absence d’oxygéne modifie la radiosensibilité du TP en solution, 
nous avons procédé aux expériences suivantes: une solution de TP en extrait de levure 
est complétement dégazée par une succession de congélations 4 —-60° suivies d’un lent 
réchauffement sous vide. Le dégazage final est vérifié par le fait qu’aucune ébullition ne 
se produit plus sous vide a la température ordinaire. Ce traitement modifie peu, et d’une 
quantité toujours mesurée (voir Tableau III) le titre de la solution en TP actif. On 
irradie alors dans les mémes conditions a. |’échantillon dégazé maintenu sous vide; 
b. un échantillon semblable, soumis au méme traitement, puis saturé d’air avant 
irradiation. Les trois expériences ainsi conduites ont donné les résultats suivants: 


TABLEAU II 


IRRADIATION DU TP EN PRESENCE ET EN ABSENCE D’OXYGENE 





Survie p. roo 








Extrait Dose 
de levure kr sans O avec O, 
I 1% 80 9.6 4.5 
II 1% 72 10.5 8.1 
III 10% 200 35 32 





Les protocoles des expériences 2 et 3 sont décrits en détails dans le Tableau III. 
Ils indiquent en particulier le degré de reproductibilité atteint dans les numérations. 

On voit que la radiosensibilité du TP est a peu prés la méme en absence et en présence 
d’oxygéne. La méme indifférence avait été déja observée chez les bactériophages’, et il 
a été précisé depuis lors que leur inactivation directe et indirecte immédiate est in- 
sensible a la présence de l’oxygéne (ALPER'). 


TABLEAU III 
IRRADIATION DU TP EN PRESENCE ET EN ABSENCE D’OXYGENE. PROTOCOLES DE 2 EXPERIENCES 


I. La solution originelle de TP, contenant 0.85 mg d’ADN par ml, est diluée 1o* fois dans l|’extrait 
de levure. 
II. Conditions de traitement des divers échantillons. Le dégazage est effectué, comme il est indiqué 
dans le texte, par congélations et fusions répétées sous vide. 
III. Concentrations de l’ADN dans les cultures de transformation, par rapport a celle de la solution 
originelle. 
IV. Nombres de transformations dans chaque culture (3 cultures par échantillon). 
V. Pourcentages de survie (non inactivation) du TP. 














Iv 
I II III V 
I 3 moyenne 
Témoin non traité, non irradié 0.510785 332 377 335 348 
Extrait Témoin dégazé, non irradié 0.5 10~8,5 286 376 375 346 
ar% te no's ees 0.5: 107 85 go 102 92 8.4 
Dégazé, puis irradié a l’air 0.5+ 10-85 24 - 35 27 7.8 
- 107% 
D ss 6 . 0.5°10 120 104 107. II0 10.0 
égazé, puis irradié sous vide 0.5+ 10-65 45 35 37 30 a 
Témoin non traité, non irradié 0.5* 10785 518 533 538 # £530 
Extrait Témoin dégazé, non irradié 0.5*1078,5 396 528 543 4890 
a10% Dégazé, puis irradié a l’air 0.5*107-6,5 167 159 147 158 32 
Dégazé, puis irradié sous vide 0.5*10~%,5 177. 147 #4+\I91 172 35 
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Rappelons ici, pour préciser les idées, que sur les systémes dont l’irradiation est 
sensible a l’oxygéne, la présence de ce gaz équivaut a une réduction de la dose de rayons 
X dans un rapport de 3 a 3.5. Ceci signifie que pour obtenir le méme effet en absence 
d’oxygéne, il faut administrer une dose 3 a 3,5 fois plus grande. Dans le cas du TP, 
cette réduction de dose varie, d’aprés les trois expériences précédentes, de 1 a 1.2. 


IRRADIATION DE LA SOLUTION CONGELEE ET CALCUL DU POIDS MOLECULAIRE 


En ce qui concerne notre recherche des conditions d’effet direct nécessaires pour 
calculer le poids moléculaire du TP a partir de la courbe d’inactivation, |’expérience 
précédente montre que, contrairement a la dessication, la congélation suivie de fusion 
ne diminue guére l’activité biologique de la solution*. Il est donc possible d’irradier 
celle-ci a l’état solide. Sous cet état, le parcours moyen des radicaux est trés diminué; 
le volume de solution, au sein duquel les radicaux radio-formés peuvent attaquer une 
molécule de TP, se rétracte autour de celle-ci; le “‘volume radiosensible’’ tend vers le 
“volume moléculaire” vrai. 

Par exemple, il a été démontré sur le phage T2 que la congélation (—16°) assure la 
méme protection compleéte contre les effets indirects que le bouillon a 5%!°. Nous avons 
donc déterminé la courbe d’inactivation du T P en extrait de levure 4 10% congelé 
a —70° C, Cette courbe révéle la plus forte radio-résistance que nous ayons obtenue 
(Fig. 2). En se fondant sur elle, le calcul suivant postule qu’elle est voisine de celle que 
fournirait l’effet direct seul. 

Toutes les courbes obtenues montrent, par leur forme exponentielle, que l’inactiva- 
tion d’une molécule de TP résulte d’un seul “‘coup’’. Nous admettrons que ce coup 
consiste en la production d’une ionisation dans la molécule, ce qui revient a négliger les 
effets des excitations vis a vis de ceux des ionisations. Cette assertion nous parait 
légitime. En effet, en admettant que dans l’acide nucléique, fait d’atomes légers, l’énergie 
électronique se répartit en parts approximativement égales entre ionisations et excita- 
tions, a chaque ionisation ne correspondent (par exemple) pas plus de 4,5 excitations 
mettant en jeu 5 eV chacune. Or le rendement quantique d’un photon de 5 eV mesuré sur 
divers matériels génétiques (mutations géniques, inactivation de phages, division cellu- 
laire, induction lysogénique) reste toujours de l’ordre de ro-* 4 10-* par rapport au 
rendement d’une ionisation (LATARJET). Dans le cas présent, il est raisonnable d’estimer 
que les excitations ne participent pas pour plus de 1/20 dans |’effet total de l’énergie ra- 
diante transférée, et par suite de les négliger. 

La courbe obtenue dans les conditions de protection maximum (Fig. 2) nous donne 
pour dose laissant 37% de survie (un coup par cible en moyenne) 

Do.37 = 57° kr soit 9.0- 10!” ionisations g~ 
ou 1.5-1ro'* ionisations cm~* d’ADN 
Supposons d’abord que toutes les ionisations agissent indépendamment les unes des 
autres. Le coup correspond a une ionisation. La masse sensible théorique est: 


M, = 





0-37 
qui correspond au “‘poids moléculaire” 
Py, = 1.1+107'8-6.06- 10% = 6.7- 105 





“Dans ces expériences, le traitement par congélation abaissait le titre d’environ 20 p. 100. La 
courbe d’inactivation (Fig. 2) coupe donc l’abcisse zéro a l’ordonnée 0.8. En pointillés, la courbe 


corrigée. 
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1. Le rayonnement X utilisé a pour longueur d’onde moyenne 0,9 A; il contient en 
forte proportion la radiation Ka du molybdéne (0.71 A). On peut admettre que le voltage 
moyen des électrons primaires est 15 kV, correspondant, dans l’ADN de densité 1.65, 
& un parcours moyen de 3.1 y et a la production de 450 ionisations. De celles-ci, on peut 
admettre que la moitié (a) se forment le long des trajectoires électroniques primaires 
avec un intervalle moyen de 14 mu. L’autre moitié (b) se distribuent en amas plus ou 
moins serrés le long des trajectoires des électrons secondaires dont |’énergie reste in- 
férieure 4 350 eV pour la plupart. 

2. Pour la dose Dy,s;, la densité des ionisations (a) formées fe long des trajectoires 
primaires est 7.5-10'’ cm~%, soit une ionisation par cube de 12 my de cété. II se trouve 
ainsi, par hasard, que l’espacement moyen des ionisations (a) provenant des trajectoires 
primaires différentes (I2 my) est du méme ordre que l’espacement moyen le long d’une 
méme trajectoire (I4 my). Pour cette dose, la distribution statistique des ionisations pri- 
maires est donc uniforme. En conséquence, ces ionisations interviennent dans le calcul de 
la cible d’une maniére indépendante de la forme de celle-ci, aussi dissymétrique soit-elle. 

3. Quant aux 7.5-10!” cm~ ionisations (b), on peut admettre avec la plupart des 
auteurs (JAFFE, JORDAN, GRAY, LEA, FANO) qu’elles sont groupées en moyenne par 3, leur 
distance restant faible, indéterminée, et, dans le cas présent, inférieure 4 6 my. S’il suffit 
d’une ionisation pour inactiver une molécule de TP (ce dont on s’assurerait en répétant ces 
expériences avec des rayons X de longueurs d’onde différentes), tout amas équivaut a la 
perte de 2 ionisations par saturation, dés l’instant qu’il se forme en entier dans la cible. 

Ici intervient la forme trés allongée de la molécule d’ADN. En admettant par 
exemple un rapport axial d’environ 300", nous déduisons de la masse ici estimée que le 
diamétre moyen de la fibre est inférieur 4 2 mu. Il est donc probable que la saturation 
par les amas n’intervient ici que partiellement. Le nombre total des ionisations qu’il 
importe de considérer dans le calcul de cible est donc compris entre le maximum a + } = 
2a = 9‘10" g- et le minimum A + }/3 = 6-10" g-1, 

Il vient alors pour la masse sensible vraie M: 


11-108 < MC 1.7-10-¥g 
et pour le poids moléculaire P: 
6.7:10° < P< 1.0-108 


4. Le calcul précédent laisse subsister trois incertitudes. Celle qui se rapporte au 
groupement des ionisations se traduit par l’intervalle de l’inégalité précédente. Ce calcul 
suppose par ailleurs que le rendement ionique est égal a 1, c’est a dire que toute ionisation 
produite dans le volume calculé entraine l’inactivation du TP. Cette hypothése est 
étayée par les résultats, acquis sur d’autres systémes (enzymes, petits virus), mais elle 
n’est pas démontrée dans le cas présent. Enfin nous ne sommes pas certains de |’élimina- 
tion complete des effets indirects. 

Pour minimiser quelque peu ces incertitudes, nous avons eu l’idée d’irradier con- 
jointement au TP, donc dans des conditions identiques, le petit phage S13, dont le 
volume radiosensible calculé peut étre comparé au volume observé au microscope. Le 
phage S13 semble étre une particule nucléprotéique sphérique d’un diamétre moyen de 
15,4 mp", soit, pour une densité de 1.45, une masse de 2.75-10~*8 g. 





“La valeur 15.4 my adoptée ici résulte de mesures directes sur clichés faites par ELFORD ET 
Hotcuin sur des échantillons hautement purifiés. Non encore publiée, elle nous a été aimablement 
communiquée par le Dr. J. E. HoTcHIn. 
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en | Irradié dans |’extrait de levure a 10% qui lui confére une protection totale, ce phage 
ge donne (Fig. 2): 


5, Dos7 = 250 kr 

ut I] vient ainsi: masse S-13/masse T P = 570/250 = 2.3 soit, pour le TP 

es M = 1.2:10-¥%g 

ou et P = 7.3-105 

= Ilest satisfaisant de constater que cette valeur se situe dans l’intervalle calculé 6.7—10- 105. 


Pour une densité 1.65, le volume correspondant est 
V = 7.3:10~"* ml. 


es Soit, en admettant un rapport axial de 300, une fibre ayant une longueur de 4500 A et 
ne un diamétre de 15 A. 


rie 

Je HETEROGENEITE 

e. 

es Il apparait sur la Fig. 1, et plus encore sur la Fig. 3, que les courbes d’inactivation 


ar ne sont pas exponentielles sur toute leur étendue, et présentent une queue correspondant 
it a une plus grande résistance. Ce fait refléte une hétérogénéité soit (a) dans la taille et la 
es radiosensibilité du TP, soit (b) dans le grou- 
la pement des unités actives, la majorité d’entre 










e. elles étant séparées, et les autres agrégées. 
A propos d’une éventuelle agrégation, 
le précisons que nos titrages sont exécutés avec 


m | de trés faibles concentrations d’ADN qui 
i] ne dépassent jamais 10-* g cm~* .Dans I’hy- 
= pothése (b), il faudrait supposer que l’on 
est en présence d’agrégats stables qui ne se 
défont pas lorsqu’on dilue les solutions— 
sans quoi, d’ailleurs, on ne pourrait obtenir 
de titrages linéaires—. La concentration de 


Survie p. 100 3 


L Lh 











lADN au moment de l’irradiation ne semble f+ 
pas intervenir non plus sur la déformation = [ 
u de la courbe (Fig. 3). } 4 
i L’éventuelle hétérogénéité des particules ‘of . 
n de TP pourrait avoir une origine génétique, ~ csiiietae 3 
; puisque l’ADN est préparé a partir d’une po- fF PY q 
le pulation de bactéries qui manifeste forcément _[ . 
1- une certaine hétérogénéité pour quelquesca- f+ ? 
ractéres génétiques. Supposons qu’au sein de 0 
i- toute solution de TP existent, en minorité, ~0 1 2 ; 3 x 105r 
le des particules plus radio-résistantes, et que Fig. 3. Courbes d’inactivation du TP en ex- 
, cette propriété se perpétue dans les bactéries trait de levure 4 1%. I. TP 10~*; II. TP to 
¥ qui les propagent. Les particules survivant (en pointillés: le prolongement de la partie 
rectiligne de la courbe met la cassure en 
a une trés forte dose de rayons X devraient évidence). 
alors provoquer la formation de souches de 
7 pneumocoques contenant uniquement des particules TP radio-résistantes. Nous avons 


soumis cette hypothése au contréle expérimental: une solution de TP dans I’extrait de 
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levure a2 1% recevait une dose de 270 kr (survie 0.08 p. 100). Aprés traitement de la 
souche détectrice par |’échantillon irradié, on établissait 4 clones a partir de 4 bactéries 
indépendamment transformées par 4 particules de TP survivantes et supposées radio- 
résistantes. On isolait un ADN a partir de chacun des 4 clones, et l’on déterminait les 
courbes d’inactivation par les rayons X. Dans tous les cas, on a retrouvé la méme 
sensibilité que celle de l’échantillon d’origine. Par conséquent, si l’hétérogénéité est due 
a une différence de radiosensibilité des particules de TP, cette différence n’est pas 
expression de propriétés qui se perpétuent au cours de la multiplication des particules 
par le pneumocoque. 


DISCUSSION 


En raison de la situation particuliére qu’occupent les agents transformants en 
biologie, les faits apportés par ce travail intéressent non seulement nos conceptions sur 
ces agents, mais aussi, d’un point de vue plus général, les mécanismes de certains effets 
biologiques des radiations ionisantes. 


I. Poids moléculaire du TP 


Les expériences précédentes mettent en évidence, pour le TP Sr, un “‘poids molé- 
culaire radiosensible”’ 

P < 7.3°10° 

Rappelons qu’en raison de l’impossibilité d’affirmer que nous avons totalement 
évité l’inactivation par l’effet indirect, la valeur précédente représente une limite 
supérieure du poids vrai. 

Parmi les poids attribués aux ADN préparés par des méthodes douces, et qui 
s’échelonnent entre 0.5 et 20-ro® (c/.“), celui auquel nous avons abouti compte parmi 
les plus bas. Les mesures faites par diffusion de la lumiére! !* concluent a 5-10® environ; 
les mesures faites par sédimentation et ultracentrifugation?*: 14 concluent a environ I - 10°. 
Notre résultat s’accorde évidemment mieux avec ce dernier. 

Il faut toutefois remarquer que notre calcul est fondé sur la partie initiale linéaire 
de la courbe d’inactivation, laquelle correspond a la grande majorité du TP, et néglige 
la minorité hétérogéne radiorésistante. Si celle-ci est faite de quelques agrégats de 
particules Sr, on comprendrait pourquoi notre résultat concorde avec celui de la cen- 
trifugation, méthode de mesure qu’une minorité de gros agrégats ne sauraient influencer. 
En revanche, ceux-ci interviendraient assurément dans les mesures par diffusion de la 
lumiére, en élevant la valeur du résultat moyen obtenu. 

Nous pensons que le désaccord entre notre résultat et celui (6-10*) obtenu par 
FLUKE ¢ét al.! aprés irradiation par deutons et électrons, provient de causes techniques. 
L’absence de titrages quantitatifs, la dessication suivie de dissolution (totale ou par- 
tielle?) de l’ADN, les courbes d’inactivation trés imprécises, que l’on reléve dans le 
travail cité, suffisent pour expliquer ce désaccord. Néanmoins, on peut envisager 
d’autres causes: 

a. que le TP capsulaire, dont la complexité est établie*®, soit en fait plus voluminéux 
que le TP Sr; 

b. que les rayonnements employés, X d’une part, corpuscules chargés d’autre part, 
entrainent des résultats différents. Cette considération souléve le vieux probléme suivant: 
dans quelle mesure la masse radiosensible est-elle superposable 4 la molécule entiére, 
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ou a une fraction de celle-ci? En d’autres termes, existe-t-il des régions de la molécule 
au sein desquelles une dissipation d’énergie puisse se produire sous forme d’ionisation, 
sans que disparaisse l’activité biologique ? 

Les rayonnements corpusculaires a forte densité d’ionisation, et dosés en trajec- 
toires ionisantes (FLUKE et al.) évitent cette question, car ils délivrent un tel excés 
d’énergie dés qu’ils atteignent un point quelconque de la molécule, qu’on imagine 
difficilement que l’activité biologique puisse subsister. En revanche, les rayons X, 
attaquant les molécules d’ADN par ionisations uniques ou peu nombreuses, ‘‘distin- 
gueraient”’ peut-étre dans celles-ci une fraction radiosensible qu’il suffit de supposer 
correspondre a 1/8 du volume total pour expliquer |’écart observé. 

Cette éventualité doit d’autant moins étre écartée que l’image la plus satisfaisante 
du processus de transformation consiste en une sorte de crossing-over au cours duquel 
la bactérie incorpore parfois la totalité d’un TP, parfois un fragment seulement de 
celui-ci*. Selon cette image, l’activité transformatrice serait attachée 4 une région 
restreinte d’une unité plus volumineuse. 

Contre l’idée que les rayons X distinguent des régions différentes au sein de la 
molécule d’ADN, s’inscrit la migration facile de l’énergie tout au long des molécules 
hautement polymérisées 4 structure pseudo-cristalline. Dans le cas d’une molécule 
filamenteuse contenant des régions différenciées pour des fonctions distinctes, on pré- 
sume souvent, sans en étre assuré, qu’une seule ionisation puisse désorganiser suffi- 
samment la molécule entiére pour supprimer toutes ces fonctions*. Afin de donner une 
réponse a cette question fondamentale, il serait trés intéressant d’étudier en détail 
action des rayons X sur un TP complexe, tel que celui qui provoque la synthése de 
la capsule du type ITI. 

2. Hétérogénéité du TP 

Les courbes d’inactivation révélent une hétérogénéité constante, intéressant quel- 
ques pour cent des unités actives, qui peut étre due a l’existence de particules dissem- 
blables ou a des agrégats de particules actives. S’il s’agit d’agrégats, il faut admettre 
que ceux-ci sont suffisamment stables pour résister 4 de fortes dilutions. Nous avons pu 
constater que les solutions trés diluées conservent une activité constante et le méme 
degré d’hétérogénéité vis 4 vis des radiations. 

Cette hétérogénéité, quelle qu’en soit l’origine, existe, et ne manquera pas de com- 
pliquer la recherche des relations entre structure moléculaire de l’ADN et activité 
génétique. 


3. Sensibilité aux radicaux libres 


Un résultat frappant de ce travail est la grande sensibilité du TP aux effets 
indirects des rayons X. Tandis que les phages Tr et S-13 sont totalement protégés contre 
ces effets par l’extrait de levure 4 1% (Fig. 2), le TP témoigne encore d’une protection 
considérable lorsqu’on augmente la concentration de I’extrait de 1 4 10% (Fig. 1). Or, 
la radiosensibilité des phages est bien due 4 leur ADN?*:"* et leurs volumes radiosensibles 
correspondent bien aux quantités d’ADN qu’ils contiennent”. 

Pour expliquer l’insensibilité relative des phages aux radicaux, on peut supposer 





* Cette idée s’appuie notamment sur l’impossibilité d’obtenir par effet direct des rayons X, chez 
les petits virus, les effets biologiques partiels, c’est 4 dire les dissociations de fonctions, que l'on 
obtient avec les rayons UV. 
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que leur membrane protéique s’oppose a la diffusion de ceux-ci vers l’ADN. On peut 
supposer aussi que leur ADN, plus concentré grace a sa forme et a une faible hydratation, 
offre une surface réduite a la phase aqueuse dans laquelle les radicaux sont formés, 
Il est clair, en revanche, que par sa grande assymétrie, l’ADN du TP offre a cette phase, 
pour un volume donné, une surface remarquablement étendue. 

Cette observation est peut-étre de quelque conséquence pour la sensibilité des 
chromosomes aux radiations X, dans la mesure ou celles-ci agissent sur l’ADN. Si 
l’ADN chromosomique est étendu en filaments au sein d’une phase aqueuse, conformé- 
ment a l’image que nous nous faisons du TP dissout, |’action indirecte des radiations 
s’exercerait avec ampleur. Ainsi, tous changements réduisant l’assymétie de l’ADN, 
ou augmentant la concentration locale en cet acide ou en substances protectrices, 
diminueraient les effets indirects, en méme temps que la radiosensibilité du chromosome. 
Ces considérations expliquent peutétre certaines des variations de la sensibilité observées 
au cours de la méiose et de la mitose. 


4. Fatble influence de loxygéne 


L’irradiation du TP en extrait de levure a 1%, c’est a dire dans un milieu aqueux 
riche en matiéres organiques, mais ot persistent d’importants effets indirects des rayons 
X, nous a révélé l’absence de post-effet et l’insensibilité de l’inactivation a la présence 
d’oxygéne. Rappelons a ce propos des résultats récents mis en lumiére lors de l’irradia- 
tion de solutions aqueuses d’ADN (Conway ET BUTLER, SCHOLES ET WEIss) et du 
phage S-13 en milieu aqueux (ALPER‘), en prenant pour tests d’action l’inactivation 
du phage, et des modifications physiques (viscosité) ou chimiques (perte de phosphate 
et de NH,) de l’ ADN dissous: 

a. L’action immédiate, aussi bien directe qu’indirecte, ne met pas l’oxygéne en jeu. 
Elle n’est donc pas due a des groupes actifs tels que HO, et H,O, dont la formation exige 
loxygéne libre. L’action indirecte produit, a cété des inactivations, des “effets partiels”’, 
c’est a dire qu’elle fragilise l’ADN vis a vis de l’action inactivatrice ultérieure de certains 
groupes a vie longue du milieu irradié. 

b. Les groupes a vie longue se forment surtout en présence d’oxygéne. Donc lorsque 
irradiation a été pratiquée en présence de ce gaz et dans des conditions ow l’effet 
indirect se produit, l’effet immédiat est suivi d’un post-effet*. Certaines substances 
organiques, présentes au moment de l’irradiation, peuvent protéger le systéme contre 
le post-effet, sans supprimer l’effet indirect initial. Les résultats obtenus sur le TP, ot 
nous enregistrons la disparition d’une activité biologique, s’accordent bien avec ces 
observations. En présence d’extrait de levure 4 1%, nous constatons seulement des 
effets immédiats directs et indirects, qui sont indifférents a la présence d’oxygéne**. 

Il est trés probable que l’ADN est aussi bien protégé contre les post-effets dans les 
cellules vivantes que dans nos solutions d’extrait de levure 4 1%. Notre observation 
entraine donc pour conséquence qu’aucun phénomeéne radiobiologique cellulatre, sensible a 
la présence de Voxygéene, ne saurait étre attribué a Vattaque primaire de LADN. Si, par 





* Il existe néanmoins un post-effet trés réduit aprés irradiation sous vide?®. 

** Cette indifférence n’est pas limitée a l’ADN. CoLttnson et al.!® l’ont observée chez la ribonucléase 
(alors que d’autres enzymes sont sensibles a l’oxygéne) et l’ont attribuée a l’absence de groupes SH 
dans la molécule. Mais il est bien établi aujourd’hui que non seulement la ribonucléase contient ces 
groupes, mais que leur existence a |’état réduit est une condition essentielle de son activité en- 
zymatique*’. Il semble plus vraisemblable d’expliquer le comportement de la ribonucléase par une 
relative simplicité de structure, laquelle confére en méme temps a cet enzyme une notable résistance a 
d’autres traitements telle la chaleur, qui dénaturent des protéines plus complexes. 
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nature, ce que nous appelons |’inactivation du TP n’est pas trop éloigné de ce qu’on 
appelle une mutation génique, il devient possible, en étudiant l’influence de l’oxygéne, 
d’envisager une corrélation entre certains effets génétiques induits par un rayonnement 
et les structures cellulaires sur lesquelles celui-ci exerce son action primaire. 

Les ruptures de chromosomes et les réarrangements qui, depuis l’observation pre- 
miére de THODAY ET READ* ont été reconnus sur de nombreux systémes comme étant 
sensibles a l’oxygéne, se trouvent ainsi écartés d’une catégorie hypothétique d’effets 
primaires sur l’ADN. II s’agit d’ailleurs en fait de lésions pour lesquelles il n’y a pas de 
raison d’invoquer une action directe sur l’ADN puisque celui-ci n’est pas indispensable 
au maintien de l’unité du chromosome”. 

La radio-induction de létaux dans le chromosome X de la Drosophile* a révélé une 
influence notable de l’oxygéne, mais moindre que sur les ruptures de chromosomes. On 
peut penser qu’une partie des létaux résultent d’aberrations chromosomiques dont la 
production est favorisée par l’oxygéne. Mais qu’aurait-on observé si l’étude avait pu se 
borner a |’induction de létaux ne portant pas de réarrangements chromosomiques, c’est 
a dire a l’induction de mutations géniques? I] est fort probable que celles-ci représentent 
une atteinte directe de lADN du chromosome laquelle, d’aprés notre travail, serait 
indifférente 4 la présence d’oxygéne. 

On songe ici a une observation générale sur laquelle MULLER™ a mis l’accent, a 
savoir que les radiations ionisantes produisent des mutations principalement par ruptures 
de chromosomes, tandis que les ultraviolets agissent surtout par mutations géniques. 
Or, ces UV sont principalement absorbés par les acides nucléiques et leurs effets généti- 
ques sont insensibles a la présence d’oxygéne. 

Une étude du réle de l’oxygéne lors de l’induction de mutations de nature bien 
caractérisée montrerait la justesse de ces propos. A ce titre, un travail d’ ANDERSON™, 
revét un intérét particulier. Cet auteur disposait de deux souches d’Escherichia colt 
exigeant pour leur croissance l’une la purine, |’autre la streptomycine. I] étudia l’in- 
fluence de l’oxygéne sur l’induction, par les rayons X, de mutations vers l’indépendance 
a l’égard de ces deux substances, et constata que ces deux mutations répondent dif- 
féremment. L’induction de la mutation “purine”’ est trés sensible a la présence d’oxygéne, 
c’est 4 dire trés diminuée en l’absence de ce gaz, tandis que l’autre lui est indifférente. 
Nous sommes tentés d’expliquer ce résultat en supposant que les rayons X induisent la 
mutation “streptomycine” en affectant un facteur génétique de méme constitution que 
le TP, et induisent la mutation ‘“‘purine” par un processus qui ressemblerait plutét a 
un réarrangement chromosomique et résulterait de l’altération primaire de constituants 
autres que l’ADN. Cette interprétation est en accord avec le fait que la courbe dose- 
effet est 4 un coup pour la mutation “streptomycine”’ et ne l’est pas pour la mutation 
“purine”. I] est regrettable de ne pas pouvoir étudier plus en détails, par une analyse 
mendélienne, les caractéristiques génétiques de ces deux mutations. 

Nous suggérons ainsi d’envisager l’effet oxygéne pour distinguer, entre certaines 
radio-mutations. L’indifférence a loxygéne suggérerait que l’on a affaire a des altérations 
produites par le rayonnement dans 1 ADN du chromosome. La sensibilité a Voxygéne 
signifierait que d'autres substances appartenant a l'appareil génétique sont atteintes. Cette 
distinction ne préjuge en rien des interactions subséquentes de ces substances et de 
lV ADN. Elle suggére en tous cas diverses expériences, par exemple un travail analogue a 
celui d’ANDERSON sur un microorganisme tel que Neurospora, accessible 4 l’analyse 
mendélienne. 
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Insistons, pour terminer, sur la situation, unique jusqu’ici, que procure le TP a 
l’étude radiochimique et radiobiologique des acides desoxyribonucléiques, puisque la 
perte d’activité transformatrice offre le moyen de déceler, par un test hautement 
spécifique, l’altération d’un acide pur et isolé. 
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RESUME 


Le TP Sr, qui confére au pneumocoque la résistance 4 une concentration de 2-10~* de strepto- 
mycine, a été inactivé en solution aqueuse par des rayons X de 0.7-0.9 A. Les faits suivants ont été 
mis en évidence: 

1. La courbe de survie est exponentielle, mais présente une cassure pour une survie de quelques 
pour cent dénotant une hétérogénéité. Celle-ci ne provient pas de la présence de particules d’ADN 
héréditairement différentes des autres: les molécules résistant 4 une trés forte dose n’induisent pas 
chez le pneumocoque la formation de TP résistant. I] s’agit d’une hétérogénéité de la solution, 
actuellement a l’étude. 

2. Le TP est extrémement sensible aux actions indirectes du rayonnement. Tandis que |’extrait 
de levure a 1% protége complétement des petits bactériophages contre l’effet indirect, il faut utiliser 
une concentration d’extrait de 10% pour atteindre une protection a peu prés compléte du TP contre 
ces effets. Ce fait est sans doute en relation avec l’absence de membrane protéique autour de l’ADN 
et aussi avec la forme filamenteuse trés dissymétrique qui, pour un volume donné d’ADN, offre une 
trés grande surface acceptrice aux radicaux libres. 

3. L’irradiation étant provoquée dans les conditions d’effet direct (notamment sur des solutions 
congelées), la courbe d’inactivation a fourni pour le poids moléculaire du TP, une valeur inférieure ou 
égale a 7.3-10°. Dans ce calcul, les incertitudes liées au groupement des ionisations ont été trés 
diminuées en irradiant conjointement des petits bactériophages de volume connu. 

4. La présence d’oxygéne est sans influence notable sur l’inactivation du TP. Si cette inactiva- 
tion n’est pas trop éloignée dans sa nature de ce qu’on appelle une raido-mutation génique, on peut 
concevoir que celle-ci serait également indifférente a la présence d’oxygéne. Comme les ruptures de 
chromosomes lui sont trés sensibles, on peut penser qu’elles résultent de l’atteinte primaire de sub- 
stances différentes de l’ADN. 

En revanche, il est permis de supposer que les altérations insensibles 4 la présence d’oxygéne 
résultent de l’atteinte primaire de l’acide nucléique. 


SUMMARY 


The transforming agent TP Sr. which confers on pneumococcus resistance to a 2.10~* con- 
centration of streptomycin has been inactivated in aqueous solution by x rays of 0.7-0.9 A. The 
following facts have been made evident: 

1. The survival curve is exponential, but shows a break at a survival of a few percent indicating 
a heterogeneity. This does not result from the presence of particles of DNA hereditarily different 
from the others: the molecules which are resistant to large doses do not lead in the case of pneumo- 
coccus to the formation of resistant TP. It is a question of the heterogeneity of the solution under 
investigation. 

2. The TP is extremely sensitive to the indirect action of radiation. Although yeast extract 
at 1% completely protects small bacteriophages from the indirect effect, it is necessary to use an 
extract of 10% concentration in order to attain an almost complete protection of TP against these 
effects. This fact is undoubtedly connected with the absence of protein membrane surrounding the 
DNA and also with the very asymmetrical filamentous form which, for a given volume of DNA 
provides a very large surface for reacting with free radicals. 

3. When irradiation is performed under the conditions of direct effect (on frozen solution) the 
inactivation curve provides for the molecular weight of TP a value less than or equal to 7.3: 10°. 
In this calculation the uncertainties associated with the grouping of the ionizations have,been greatly 
diminished in irradiating simultaneously the small bacteriophages of known volume. 

4. The presence of oxygen has nojappreciable influence on the inactivation of TP. If this in- 
activation is not too far distant in its nature from that known as X-ray induced gene mutation, 
one can imagine that it will be equally indifferent to the presence of oxygen. As the chromosome 
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fractures are very sensitive to it, one may think that they are the result of primary attack of sub- 
stances other than DNA. 

On the other hand, it is permissable to suppose that the alterations insensitive to the presence 
of oxygen are the result of the primary attack of nucleic acid. 


ZUSAMMENFASSUNG 


Der TP Sr. der Pneumokokken gegen Streptomycin bis zu einer Konzentration von 2: 10~% 
resistent macht, wurde in wassriger Lésung durch Réntgenstrahlen von 0.7-0.9 A inaktiviert. Fol- 
gende Befunde wurden erhoben: 

1. Die Uberlebenskurve verlauft exponentiell. Fiir ein Uberleben von einigen Prozent zeigt sie 
einen Bruch, was auf eine Heterogenitat schliessen lasst. Dies beruht nicht auf der Gegenwart von 
ADN —tTeilchen, die sich in ihrer Abstammung von den anderen unterscheiden: Die gegen eine 
sehr hohe Dosis resistenten Molekiile rufen bei Pneumokokken nicht die Bildung von TP— Restisten- 
ten hervor. Es handelt sich um eine Heterogenitat der Lésung, die im Augenblick untersucht wird. 

2. Der TP ist ausserordentlich empfindlich gegen die indirekten Wirkungen der Bestrahlung. 
Wahrend Hefeetrakt bis zu 1% die kleinen Bakteriophagen gegen den indirekten Effekt vollstandig 
schiitzt, muss man einen 10% Extrakt anwenden, um TP nahezu vollstandig gegen diese Effekte zu 
schiitzen. Diese Tatsache steht ohne Zweifel in Beziehung mit dem Fehlen der Proteinmembran um 
die ADN und auch mit der fadigen, sehr unsymmetrischen Form, die fiir ein gegebenes Volumen an 
ADN den freien Radikalen eine sehr grosse angreifbare Oberflache bietet. 

3. Wird die Bestrahlung unter den Bedingungen des indirekten Effektes durchgefiihrt (be- 
sonders in gefrorenen Lésungen) so liefert die Kurve der Inaktivierung fiir des Molekulargewicht des 
PT einen Wert kleiner oder gleich 7.3-10°. In dieser Berechnung ist die Unsicherheit, die mit der 
Gruppierung der Ionisation verbunden ist durch gleichzeitiges Bestrahlen kleiner Phagen bekannten 
Volumens sehr verkleinert worden. 

4. Die Gegenwart von Sauerstoff ist ohne merklichen Einfluss auf die Inaktivierung von TP. 
So ist diese Inaktivierung ihrer Natur nach einer genetischen Radiomutation 4hnlich und man kann 
verstehen, dass diese in gleicher Weise unempfindlich gegen Sauerstoffgegenwart ist. Da die Chromo- 
somenbriiche selbst sehr empfindlich sind, kann man annehmen, dass sie an einer anderen Substanz 
als ADN hervorgerufen werden. Dagegen ist es erlaubt anzunehmen, dass die unmerklichen Ver- 
anderungen in Gegenwart von Sauerstoff durch die primare Einwirkung auf die Nuklinaure hervor- 
gerufen werden. 
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ACTION DES RAYONS U.V. SUR L’ACIDE ADENOSINE- 
TRIPHOSPHORIQUE DES SPERMATOZOIDES DE GRENOUILLE 


par 


D. KANAZIR* et M. ERRERA 


Laboratoire de Morphologie animale, Faculté des Sciences, Université libre de Bruxelles (Belgique) 


On sait que l’irradiation par les rayons U.V. fait perdre aux spermatozoides un 
certain nombre de leurs propriétés fondamentales: leur motilité est complétement 
inhibée et leur pouvoir fécondant est diminué d’autant; aprés la fécondation, la durée 
de la premiére segmentation est considérablement allongée chez l’oursin et le développe- 
ment embryonnaire est retardé. Chez la grenouille, le noyau du gaméte irradié devient, 
pour des doses relativement faibles, totalement inerte; il est rapidement éliminé et les 
embryons sont donc haploides (voir? pour les références a ces travaux). I] nous a donc 
paru intéressant de rechercher quelles pourraient étre les perturbations biochimiques qui 
se trouvent a l’origine de ces diverses lésions. En ce qui concerne la motilité et le pouvoir 
fécondant des spermatozoides, nous avons recherché si l’irradiation ne provoquerait pas 
une diminution de leurs réserves d’énergie: c’est pourquoi nous avons entrepris des 
dosages de l’adénosinetriphosphate (ATP) dans les spermatozoides normaux et irradiés. 


MATERIEL ET METHODES 


Préparation des spermatozoides 


Pour chaque expérience, les testicules d’une grenouille (Rana fusca ou Rana esculenta) sont 
broyés dans 10 ml d’eau de la ville ou de Ringer dilué (0.01 M) (Brices*). La suspension est filtrée 
sur de la gaze; elle est ensuite centrifugée et remise en suspension dans une dizaine de ml de Ringer 
de maniére a obtenir une suspension dont la densité optique est de 1.0, mesurée 4 400 my sous une 
épaisseur de 10 mm. La centrifugation est, dans certains cas, répétée une deuxiéme fois. Des portions 
de 2 a 3 ml de la suspension de spermatozoides sont irradiées dans de petites boites de Pétri, l’épaisseur 
de la couche étant d’environ 3 mm. Pendant toute la durée de l’irradiation, un dispositif électro- 
magnétique brasse énergiquement la suspension. Les témoins non irradiés sont agités, de la méme 
maniére, pendant une durée équivalente a celle de la plus longue irradiation. L’irradiation est effectuée 
(a + 4° C dans le cas des déterminations de l’ATP) 4 14 cm d’une lampe a vapeur de mercure a basse 
pression (Mineralight), donnant au niveau de la préparation 7,500 ergs/mm?/min de lumiére a 253.7 mu 
principalement. Le calibrage de la lampe a été effectué a l’aide du photométre U.V. de Latarjet™. 


Etude de l’ATP 


Nous avons utilisé, pour le dosage de l’ATP, la méthode de STREHLER® sous la forme ou nous 
l’avons déja employée®. Les spermatozoides des deux testicules d’une grenouille sont lavés et remis 
en suspension dans 13 ml de Ringer 0.01 M. Des portions de 3 ml sont irradiées, centrifugées et 
remises en suspension dans 280 yl d’un tampon contenant du PO,KH, et du K,HPO, M/15 a pH 7.4. 
Ces suspensions sont portées 4 100° pendant 10 min. 30 wl de ces suspensions chauffées sont ajoutés 
a 50 yl d’un extrait de 10 organes lumineux de Photinus pyralis** dans 1 ml de tampon au phosphate, 
contenant 1 mg de MgSQ,. 





* Institut des Sciences nucléaires ‘‘Boris Kidric’”’, Belgrade. 
** Nous remercions vivement les Drs. STREHLER et McELRoy de |’envoi de ce matériel. 
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L’émission de lumiére est instantanément mesurée 4 l’aide d’une cellule photomultiplicatrice 
d’électrons. La quantité d’ATP peut étre déduite d’une courbe d’étalonnage faite a l’aide de solutions 
de titre connu. Les résultats obtenus ont été corrigés pour les petites variations de concentrations 
des différentes portions étudiées, chacune des suspensions ayant été préalablement soumise a un 
examen néphélométrique. 


RESULTATS EXPERIMENTAUX 


I. Teneur en adénosinetriphosphate des spermatozoides irradiés 


Le Tableau I indique les variations de la teneur en ATP des suspensions de sperma- 
tozoides avant et au cours de l’irradiation. Nous avons ramené arbitrairement les chiffres 
4 une valeur correspondant a la quantité totale d’ATP des deux testicules d’une gre- 
nouille. Remarquons que toute l’activité des spermatozoides, en présence de l’extrait de 
Photinus pyralis, ne dépend probablement pas uniquement de la présence d’ATP. En 
effet, nous avons étudié non pas un extrait des spermatozoides, mais la suspension 
totale: celle-ci s’est montrée beaucoup plus active que l’extrait. Il est donc vraisemblable 
qu’une partie assez considérable de la réserve d’énergie se trouve sous la forme de 
composés phosphorylés peu solubles ou fortement adsorbés par les structures cellulaires ; 
STREHLER ET TOTTER! ont notamment montré que de l’acide ribonucléique pouvait 
exciter la luminescence du systéme que nous avons utilisé. Compte tenu de ces restric- 
tions, nous pouvons affirmer qu’immédiatement aprés irradiation, la teneur en ATP 
des suspensions de spermatozoides diminue considérablement. 


TABLEAU I 


TENEUR EN ADENOSINE TRIPHOSPHATE DE SPERMATOZOIDES DE GRENOUILLE, 
APRES IRRADIATION U.V. 














Rana fusca Rana esculenta 
Durée des Exp. I Exp. II Exp. III Exp. IV Exp.V 
irradiations 
ued ATP ATP %o ATP ARP ATP ATP ATP ARP % ATP FP 
™ A 
restant mnobibite restant restant restant svabeiied restant mobdilité 
oO 2.8 — — 301 — 6.2 — 4-3 — — 3:3 —_— — 
2 — — —_— 3-5 115 — — 2.8 66 60 2.3 71 82 
5 —— a _ 3.1 100 3-5 56 1.4 32 I 1.9 58 57 
15 1.02 36 10 0.65 21 0.8 13 0.4 9.5 — 1.0 31 I 





ATP: la teneur en ATP, exprimée en y, est ramenée a la quantité totale d’ATP contenue dans 


les 2 testicules d’une grenouille. 
% mobilité: % des spermatozoides encore mobiles a la fin de l’expérience. 


On voit également que, jusqu’au moment ot il ne reste plus que 50% de l’ATP 
initial, il existe un certain parallélisme entre la perte de l’ATP et celle de la motilité. Cette 
derniére a été mesurée simplement en observant sous le microscope quelques centaines 
de spermatozoides. Le comptage est facilité en réduisant, a l’aide d’un petit diaphragme, 
ouverture de l’oculaire. Dans le cas de Rana fusca, nous avons vérifié le pouvoir fécon- 
dant des spermatozoides: des irradiations de 5 a 10 minutes ne diminuent pas le nombre 
des embryons qui se développent; au dela de cette dose, donc au moment ou la teneur 
en ATP diminue, le pourcentage des oeufs fécondés diminue. Mais une irradiation de 
I min suffit déja 4 provoquer un ralentissement du développement embryonnaire dé a 
V’haploidie; tous les embryons présentent de la microcéphalie et de l’hydropisie carac- 
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téristiques du syndrome haploide; l’examen cytologique confirme que cette faible dose 
d’U.V. suffit pour inactiver totalement la chromatine paternelle, qui est éliminée au 
cours des premiéres mitoses de segmentation (DALCQ ET SIMON®, BRACHET’). 


II. Libération d’un peptide au cours de V irradiation 


Si on examine au spectrophotométre le liquide (Ringer ou eau de ville) qui a contenu 
les spermatozoides pendant l’irradiation, on constate que l’absorption entre 280 et 
250 my est peu modifiée; tout au plus s’accroit-elle un peu pour les fortes irradiations, 
Au contraire, l’absorption est notablement accrue aux longueurs d’onde plus faibles 
(Tableau II). I] n’y a pas de maximum d’absorption correspondant aux acides nucléiques 
ou aux protéines, si ce n’est une ébauche d’“‘épaule’’. Si l’on additionne a cette solution 
2 fois son volume d’acide trichloroacétique a 25% on observe une opalescence nette, 
que nous avons mesurée a 400 my (Tableau II). Ce léger précipité est sédimentable par 
centrifugation 4 3,000 tours/minute et le culot obtenu est soluble dans |’éthanol. De plus, 
ce constituant est dialysable. Par hydrolyse il libére des acides aminés; on est donc 


justifié de supposer qu’il s’agit d’un peptide. 











TABLEAU II 
PROPRIETES DU MILIEU DE DISPERSION DES SPERMATOZOfDEs (R fusca) 
Turbidité en présence 
— se d' acide trichloracttique 25% Extinction @ 220 mu 
Durée del irradiation ae 
(minetes) Extinction a4 400 mp 
Exp. I Exp. II Exp. I Exp. II 
o 0.135 0.120 0.680 0.486 
15 0.207 0.214 0.835 0.731 
30 0.250 0.388 1.03 0.925 





Une analyse chromatographique préliminaire nous a permis d’identifier dans 
Vhydrolysat (HCl 6 N pendant 18 heures a 130°) les acides aspartique et glutamique, de 
ornithine, de l’alanine, de la glycine et de la valine. D’autre part, la présence de sérine, 
d’arginine, de lysine, de leucine et d’histidine nous parait probable. Les solvants utilisés 
pour les chromatogrammes descendants a une dimension, étaient le propanol, eau, 
NH,OH (80/r19/1 en volumes), le butanol normal, eau, acide acétique (100/50/15-20 en 
volumes) et le phénol saturé d’eau alcalinisé par l’ammoniaque. Notons enfin qu’un 
essai de précipitation du milieu de dispersion des spermatozoides n’a donné, chez 
Rana esculenta, aucune différence de précipitation par l’acide trichloracétique entre les 
milieux témoins et les milieux irradiés: ce fait indique un comportement différent des 
espéces. Une différence de susceptibilité entre diverses espéces de grenouilles apparait 
aussi, dans le cas des rayons X, lorsqu’on compare les travaux de DALcg ET Simon? 
a ceux de Rucu™. Les premiers auteurs ont trouvé que les spermatozoides de Rana fusca 
perdent leur pouvoir fécondant aprés une irradiation de 3,000 r alors que ceux de Rana 
pipiens sont beaucoup plus résistants. 


DISCUSSION 


Nos résultats montrent que les réserves énergétiques d’une suspension de sperma- 
tozoides de grenouilles s’épuisent trés rapidement a la suite d’une irradiation U.V. 


Bibliographie p. 202. 








55) 


L- 








VOL. 16 (1955) IRRADIATION U.V. DE SPERMATOZOIDES DE GRENOUILLE 201 


En effet, les manipulations consécutives au traitement ne durent que quelques minutes 
(lavage sur la centrifugeuse). Des spermatozoides en mouvement consomment certaine- 
ment des quantités considérables d’ATP et son épuisement rapide résulte trés vrais- 
emblablement d’un effet de l’irradiation sur sa synthése. I] est peu probable que la perte 
d’ATP soit due a une diminution de la respiration: en effet, celle-ci, particuliérement 
dans le cas des substrats endogénes, est plutét stimulée par 1’U.V. chez les micro- 
organismes?}*.18, Par contre, la glycolyse anaérobique peut, dans une certaine mesure, 
étre inhibée par 1’U.V., chez la levure notamment?. 

Rappelons que nous avons montré précédemment que chez les bactéries en crois- 
sance, seules les phosphorylations anaérobiques sont inhibées par 1’U.V.°%9, II serait 
toutefois intéressant de vérifier, dans le cas présent, l’activité glycolytique et respira- 
toire des spermatozoides immédiatement aprés leur irradiation: on pourrait ainsi pré- 
ciser si les phosphorylations sont bloquées au niveau des mécanismes d’utilisation des 
substrats ou du transfert d’énergie. Le matériel que nous avons utilisé nous parait trés 
favorable a une telle étude. 

D’un point de vue plus spécifiquement biologique, il semble exister un certain 
parallélisme entre la teneur en ATP, la motilité et le pouvoir fécondant des spermato- 
zoides. 

Ce résultat différe quelque peu de ceux que Kozin™ a obtenus sur les spermato- 
zoides de coqs, qui perdent plus rapidement leur pouvoir fécondant que leur motilité sous 
l’effet des rayons X. Il est donc possible qu’a cété de l’ATP, un facteur sensible au 
rayonnement ionisant soit également indispensable a la fertilité des spermatozoides. 

En ce qui concerne la libération d’un peptide a la suite de l’irradiation des sperma- 
tozoides de Rana fusca, il ne s’agit la peut-étre que d’un phénoméne d’intérét limité 
puisqu’il n’a pas été retrouvé dans le cas de Rana esculenta. On peut cependant, dans 
une certaine mesure, rapprocher ce résultat de ceux que nous avions obtenus sur de la 
nucléohistone purifiée*: l’irradiation U.V. de solutions concentrées de nucléohistone 
libére un constituant dialysable, fort semblable du point de vue spectrophotométrique 
au peptide libéré lors de l’irradiation des spermatozoides. I] serait intéressant de répéter 
les expériences présentes sur la nucléoprotéine purifiée. Remarquons enfin que les 
observations biologiques montrent que, pour des intensités d’irradiation nettement 
inférieures a celles utilisées pour la partie biochimique du présent travail, des lésions de 
la chromatine paternelle se manifestent déja. Ceci n’a rien d’étonnant, car il est fréquent 
d’observer qu’un test biologique est de loin plus sensible que la plupart des tests physico- 
ou biochimiques; le cas des facteurs transformants est frappant a cet égard (ZAMENHOF""), 


RESUME 


L’irradiation de spermatozoides de grenouilles diminue trés rapidement leur teneur en adénosine- 
triphosphate. Il semble exister un certain parallélisme entre cet effet, la perte de la motilité des 
spermatozoides et la perte de leur pouvoir fécondant. De plus nous avons montré que, chez Rana fusca, 
un petit peptide est libéré par l’effet de l’irradiation. 


SUMMARY 


Irradiation of frog spermatozoa diminishes very rapidly their content of adenosine triphosphate 
There appears to be a certain relationship between this effect, the motility of the spermatozoa and 
their fertilizing capacity. Furthermore, we have observed that, in the case of Rana fusca, a small 
amount of peptide is liberated when the spermatozoa are irradiated. 
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ZUSAMMENFASSUNG 


Durch die Bestrahlung von Frosch-Spermatozoen wird ibr Adenosintriphosphatgehalt sehr 
schnell verringert. Es scheint eine gewisse Beziehung zwischen dieser Wirkung auf die Spermatozoen 
und dem Verlust ihrer Beweglichkeit und dem Verlust ihrer Befruchtungsfahigkeit zu bestehen. 
Ferner haben wir gezeigt, dass im Falle von Rana Fusca ein kleines Peptid freigesetzt wird, wenn 
die Spermatozoen bestrahlt werden. 
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ULTRACENTRIFUGE STUDIES ON SOYA BEAN PROTEIN 


by 


W. E. F. NAISMITH 


Imperial Chemical Industries Limited, Nobel Division, ‘‘Ardil’’ Fibre Factory, 
Dumfries (Scotland) 


INTRODUCTION 


OsBORNE AND CAMPBELL! proposed the name glycinin for the protein fraction which 
precipitated when a solution of soya bean protein in 10% sodium chloride was dialysed 
against water. From a 10% NaCl extract of the meal JonES AND CsonKA? claimed to 
obtain five protein fractions by ammonium sulphate precipitation. The fraction 
precipitating at 55% saturation with ammonium sulphate resembled the glycinin of 
OSBORNE AND CAMPBELL. HARTMAN AND CHENG? showed that glycinin could be prepared 
by adjusting the pH of an aqueous extract of soya bean meal to 4.5. Other workers‘ 
have shown that the composition of glycinin depended on the method of preparation. 
DANIELSSON® examined the protein from glycin soya along with other seed globulins 
in the ultracentrifuge. A 1 M NaCl extract of the ground seeds was saturated to 70% 
with ammonium sulphate, the precipitate dissolved in 0.2 M NaCl and precipitated twice 
by dialysis. In buffer of ionic strength J = 0.3 and pH 7 he showed that the protein 
thus prepared contained two components of sedimentation constants (s) = 13.1 and 
8.0 S (Svedberg units). An electrophoretic investigation of soya bean protein was carried 
out by BricGs AND MANN® who showed the presence of at least seven electrophoretic 
components in an aqueous extract of the meal, 75% of the protein being a fast fraction 
containing three components. These authors prepared glycinin by various methods and 
showed that each preparation gave a different electrophoretic pattern. They also 
demonstrated that the ammonium sulphate fractions of JONES AND CSONKA? were 
heterogeneous electrophoretically. An electrophoretically homogeneous component was 
claimed to have been precipitated by cooling a concentrated, aqueous extract of the meal 
at o° C for several hours. No change in the electrophoretic pattern of the proteins was 
obtained by varying the meal: liquor ratio in the extractions. 

The present investigation is mainly concerned with an ammonium sulphate 
fractionation of the complicated protein system present in soya bean meal. Two of 
the sedimenting components present in the protein have been isolated in a reasonable 
state of purity and preliminary ultracentrifuge studies of the effect of various ionic 
environments on these components are reported. For comparison with previous work 
glycinin prepared in various ways and the cold precipitated fraction of BRIGGS AND 
Mann¢* have also been examined. 
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EXPERIMENTAL 


Apparatus 

Ultracentrifugal measurements were made in a Spinco ultracentrifuge, Model E, at a speed 
of ca. 50,700 r.p.m. (200,000 g). Sedimentation was followed by means of the diagonal Schlieren 
optical system. In calculating sedimentation constants no allowance has been made for possible 
lowering of the rotor temperature as a result of adiabatic contraction during acceleration’. The 
sedimentation constants in all cases have been reduced to the viscosity and density of water at 20° C. 


Materials , 
Buffer salts and ammonium sulphate were A.R. or of equivalent purity. 

The de-oiled soya bean meal was supplied by the Clyde Soya Company. 
Preparation of proteins 

Using a meal: liquor ratio of 1:10, soya bean meal was extracted at room temperature with 
10% (w/v) aqueous NaCl for six hours. The liquor, after centrifugation, was filtered through paper 
pulp. Ammonium sulphate fractions were then obtained from the filtrate by appropriate adjustments 
of the ammonium sulphate concentration. After 85% saturation no more protein was precipitated 
by further addition of ammonium sulphate or trichloracetic acid. The precipitate in every case was 
redissolved in 10% NaCl and reprecipitated at the appropriate saturation with ammonium sulphate. 

For comparison with the results of previous workers, glycinin was prepared by the method 
of (a) OSBORNE AND CAMPBELL! and (b) HARTMAN AND CHENG*. In method (a) 6 g of meal were 
extracted with 100 ml 10% NaCl, and the protein precipitated from the extract by saturation to 
85% with ammonium sulphate. The precipitated protein, after centrifugation, was dissolved in 
10% NaCl and the glycinin precipitated by dialysis against distilled water. In method (b) 6 g of 
meal were extracted with 100 ml water and the glycinin precipitated by acidifying to pH 4.5 with 
N sulphuric acid. 

The cold precipitated fraction of Briccs AND Mann® was isolated by extracting 20 g of soya 
bean meal with 100 ml water, leaving the extract overnight at o° C and centrifuging the precipitate 
in the cold. No further purification of the precipitate (as described by these authors) was carried out. 

Unless otherwise stated the protein in each case was dissolved in phosphate buffer, J = 0.5, 
pH = 7.8 and dialysed with stirring against large volumes of the same buffer before examination 
in the ultracentrifuge. To all the solutions of protein in buffer a little toluene was added to prevent 

bacterial growth. 





Protein concentrations were determined by 
micro-Kjeldahl nitrogen determinations using the 
value 17% for the percentage nitrogen in the protein. 


Partial specific volume 

The partial specific volume v of the total soya 
bean protein (extracted with 10 % w/v sodium chloride 
and precipitated at 85% saturation with ammonium 








sulphate) was determined from the equation’, 
1—w dm 
m dw 





(I — vg) = 


where 9 = density of the solution for which the solute 
weight fraction is w, and m = mass of a given volume 
: ‘ ‘ 7H of the solution. m was determined with a pyknometer 








04 08 12 16 wx? , 
for a range of protein concentrations. The solvent 
Fig. 1. m (mass of a given volume of solution used was phosphate buffer J = 0.1, pH = 8. From 
of soya bean protein for which the solute Fig. 1 in which m is plotted against w, the value 0 = 
weight fraction is w) against w. 0.71 + 0.004 was obtained. 


RESULTS 


Total extract 


Fig. 2(a) gives the sedimentation diagram of a 10% NaCl extract of meal which 
was dialysed against phosphate buffer (J = 0.5, pH = 8). At least four sedimenting 
components are present with s constants of 15, 11, 7 and ca. 2 S. The same components 
in the same relative proportions were obtained irrespective of the meal: liquor ratio. 
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This is not surprising in view of the statement of BRIGGS AND MANN‘ that the electro- 
phoretic pattern did not change with variation in the meal: liquor ratio. The protein 
which precipitated from the 10% NaCl extract by saturation to 85% with ammonium 
sulphate when dissolved in phosphate buffer gave the diagram of Fig. 2(b) no appreciable 
difference in the relative areas from Fig. 2(a) being observed. 


6.6 10.6 15.0* 7.3 #%&1.7 16.7 


vy ¥ \ + ¥ 


~~ 


(a) (b) 


Fig. 2. Sedimentation diagrams of (a) 10% NaCl extract of soya bean meal dialysed to J = 0.5, 
pH = 7.8; protein conc. = 1.2 g/100 ml; (b) 0/85 ammonium sulphate fraction at J = 0.5, pH = 7.8; 
protein conc. = 0.77 g/t1oo ml. 


* Numbers above peaks in this and subsequent diagrams refer to rounded sedimentation constants 
in Svedberg units. Direction of sedimentation in every case is from left to right. 


Earlier preparations 


The sedimentation diagram and constants of glycinin prepared by the method of 
OSBORNE AND CAMPBELL! are shown in Fig. 3(a) while Fig. 3(b) gives sedimentation 
data for glycinin as prepared by HARTMAN AND CHENG. In neither case is the protein 
homogeneous, and differences in the relative areas of the components between the two 
diagrams can be observed. The cold precipitated protein of BRIGGS AND MANN® gave 
the sedimentation diagram shown in Fig. 3(c). Although the protein was not subjected 
to the further purification described by these authors and would therefore be con- 
taminated by supernatant liquor, it is apparent that the s,, component* is present in 
the highest concentration. It therefore seems reasonable to conclude that the electro- 
phoretically pure component of BRIGGS AND MANN® gives the s,, component in the 
ultracentrifuge. 


7.5 11.4 16.3 7.6 11.4 15.7 7-4 11.8 16.9 
Y + ¥ ++ ¥ yosy 
Pari! Pee, | 
(a) (b) (c) 
Fig. 3. Sedimentation diagrams of (a) glycinin of OsBORNE AND CAMPBELL!; protein conc. = 1.46 
g/100 ml; (b) glycinin of HARTMANN AND CHENG; protein conc. = 0.89 g/100 ml; (c) cold precipitated 
fraction of BRIGGS AND Mann’; protein conc. = 0.49 g/100 ml, J = 0.5, pH = 7.8 buffer used in 
each case. 


Ammonium sulphate fractions 


The protein precipitating from a 10% NaCl extract at different saturation limits 
with ammonium sulphate was examined in the ultracentrifuge in phosphate buffer, the 





* A species of sedimentation constant 11 Svedberg units is termed the s,, component. 
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sedimentation diagrams and constants being shown in Fig. 4. Included also in Fig. 4 
are the amounts of protein precipitated at each stage, these being given as a percentage 
of the total precipitated protein. These values were obtained by dissolving the protein 





Fraction 0/50 50/55 55/60 60/65 65/70 70/85 





% of total 





precipitated 1.0% 24.3% 11.2% 16.8% 11.0% 35-1% 
protein 
7.6 11.7 7.3 11.6 7.0 I1.1 15.5 18.5 7.5 10.5 14.8 7.3 10.8 14.7 7.0 11.3 


i 


+ + y er ft ae vw. 8k 2 ++ 


Sedimentation 


diagrams i | al Veg 
and constants ) — 








Protein conc. 
in g/100 ml 0.43 0.81 1.42 2.10 1.90 0.65 





Fig. 4. Sedimentation diagrams of ammonium sulphate fractions from a 10% NaCl extract of soya 
bean meal J = 0.5, pH = 7.8. 


in phosphate buffer and removing the ammonium sulphate by dialysis; the solutions 
were then made up to standard volumes and micro Kjeldahl nitrogen estimations were 
carried out. It will be observed from Fig. 4 that the s,, component precipitates prefer- 
entially in the 60/65 and 65/70 fractions and the s, component in the 70/85 fraction, 
although both these components as well as some very slowly sedimenting material are 
present in all six fractions examined. In order to purify the s, component, the 70/85 
fraction was redissolved in 10% NaCl and saturated to 65% with ammonium sulphate. 
This caused 80% of the protein to precipitate. The supernatant liquor was then saturated 
to 85% with ammonium sulphate and the precipitated protein in phosphate buffer gave, 
in the ultracentrifuge, the diagram shown in Fig. 5 in which the s, component is present 
to the extent of 70%. This fraction is hereafter designated the 70/85/1 fraction. The s,, 
component occurs in the 65/70 fraction to the extent of 85%. Thus, by this fractionation, 
two components (s,, and s,) were obtained in a reasonable state of purity and the two 

6.7 104 fractions in which they occurred, the 65/70 and 70/85/1 fractions, were there- 

Gy fore subjected to a further examination. It is possible that increased purifica- 
tion of the s,, and s, components would be achieved by further reprecipita- 
tions of these fractions but this purification has not yet been attempted. 


' Fig. 5. Sedimentation diagram of the 70/85/1 soya bean protein fraction at J = 0.5, 
| bia | pH = 7.8 protein conc. = 1.32 g/1oo ml. 





65/70 Fraction 


Effect of variation in tonic strength. At constant pH (7.9 + 0.1) and constant 
protein concentration (0.9 g/100 ml) the ionic strength of a solution of the 65/70 fraction 
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was varied from 1.0 to 0.r by dialysis. No precipitation of protein occurred during 
dialysis. Sedimentation diagrams and constants are given in Fig. 6. No appreciable 
change in the sedimentation pattern was visible between ionic strengths 1.0 and 0.35. 
At J = 0.1, however, association appeared to occur since a considerable amount of an 
ill-defined s,, component appeared. An appreciable increase in the sedimentation con- 
stant of the main peak was observed with decrease in ionic strength. The s, component 
which is clearly defined at J = 0.5 is less apparent at J = 0.1, owing to its association 
at the lower ionic strength to a component of sedimentation constant close to the value 
of rr (see later). At J = 0.2, the proportion of the fast, ill-defined component is less than 
at J = 0O.1. 








Ionic strength 1.0 0.5 0.35 0.2 0.1 
7.0 I1.I 15.6 7.3 11.3 16.4 7.9 11.5 16.9 12.1 18.4 12.8 19.5 
¥ ‘+ ¥ Y ¥ 


++ ¥ 


+ 4 , ¥ 
Sedimentation 
diagrams 
and constants j 


Fig. 6. Sedimentation diagrams of the 65/70 soya bean protein fraction at pH 7.9 (+ 0.1) and 
protein conc. = 0.9 g/Ioo ml. 





Changes in ionic strength were effected by dialysis over a period of several hours. 
In order to estimate the speed of the processes involved, experiments were performed in 
which the ionic strength was raised from 0.1 to 0.5 by the addition of solid NaCl and 
lowered from 0.5 to 0.1 by diluting a concentrated protein solution with water. The 
ultracentrifuge run was immediately performed in both cases and the sedimentation 
patterns obtained were characteristic of the final ionic strength, no further changes 
occurring. Thus the changes were complete within the first hour and were also reversible. 
No appreciable change in the sedimentation pattern at either J = 0.5 or J = 0.1 was 
observed with (a) change in protein concentration or (b) time. 

Effect of variation in pH. At I = 0.5 no change in the sedimentation diagram was 
observed within the pH range 6.2-8. When the pH was lowered by dialysis to 5.2, 
precipitation of the protein occurred immediately the solution was introduced into the 
ultracentrifuge cell. 

At J =o0.1 and constant protein concentration, the effect of pH on the sedi- 
mentation diagram within the range 6.9 to 9.5 is shown in Fig. 7. At pH values below 


pH 6.9 7-9 9.5 
13.4 12.8 19.4 7.7 12.6 17.4 
| y 4 \ + ¥ 
Sedimentation 
diagram 


Fig. 7. Sedimentation diagrams of the 65/70 soya bean protein fraction at J = 0.1 and protein conc. 
= 0.9 g/10o ml. 
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6.9 some protein precipitated during dialysis while pH values above 9.5 were considered 
too high to be safely used in the ultracentrifuge cell. It will be observed from Fig. 6 
that no marked changes are evident within the pH range examined, although the 
proportion of fast, polydisperse material increased with lowering of pH. Moreover at 
I = 0.1, pH = 9g, some dissociation of the s,, peak to an s, component appears to occur, 
No change in these sedimentation diagrams with time was observed. 


70/85/1 Fraction 

Effect of tonic strength variation. The sedimentation diagrams of the 70/85/1 fraction 
at pH 7.9 (+ 0.1) and various ionic strengths are given in Fig. 8. At J = 0.5 the protein 
concentration was twice that at the other ionic strengths but no change in the relative 
areas at J = 0.5 was observed when the concentration was one quarter of that of Fig. 7, 


Ionic strength 0.5 0.35 0.2 O.1 
6.7 10.4 8.6 11.5 10.2 10.6 13.0 
+ + + y + ¥ 


Sedimentation 
diagram | A " 
7 


Fig. 8. Sedimentation diagrams of the 70/85/1 soya bean protein fraction at pH = 7.9 (+ 0.1) and 


protein conc. = 0.65 g/100 ml (except at J = 0.5 for which protein conc. = 1.32 g/1oo ml). 
Fraction J=0.5,pH=8 J=0.1,ppH=8 I=0.5,pH=8 I=0.1,pH=8 
6.7 10.4 7.0 I1.2 10.2 12.8 
y y ¥ 


70/85/I 


- es 


1 ; 
. 3 i 
, te E 
i ca % = : 


Fig. 9. Comparison of sedimentation diagrams of 70/85/1 and 70/85 soya bean protein fractions at 
I = 0.5 and J = 0.1; protein conc. for 70/85/1 fraction at J = 0.5 and 0.1 = 1.32 g/100 ml, protein 
conc. for 70/85 fraction = 0.65 g/100 ml at J = 0.5 and 1.3 g/10oo ml at J = o.1. 





It will be observed that on lowering the ionic strength from J = 0.5 to J = 0.1 the s, 
component disappears and is replaced by an s,),, component. The s,, material at 

= 0.1 is most probably derived from the s,, component at J = 0.5. This is clear when 
the 70/85/r and 70/85 fractions are compared at J = 0.5 and 0.1 (Fig. 9). In each case 
the proportions of s,:s,, at J = 0.5 are similar to the proportions of $49,,:S,3 at J = 0.1. 
In Fig. 9 the protein concentrations of the 70/85/1 fraction at J = 0.5 and 0.1 are the 
same. Assuming the same value for the frictional ratio //fo for each sedimenting com- 
ponent, the sedimentation constants 6.7 and 10.4 correspond to molecular weights of 
ca. 105,000 and 205,000 respectively. Thus it appears that the s, component dimerises 
as the ionic strength is lowered from J = 0.5 to ] = 0.1 or even tol = 0.2. At I = 0.35 
the more slowly sedimenting peak was considerably broader than those obtained at the 
other ionic strengths and the sy value was intermediate between the values 7 and 10.5 
obtained at J = 0.5 and 0.1 respectively. It seems possible that at J = 0.35 some rapid 
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reversible type of reaction (¢.g. 2s, = 5Sj9,;) is involved. As in the case of the 65/70 
fraction, the processes occurred within one hour and were completely reversible for 
I = 0.1 + 0.5 and vice versa. 

Effect of pH variation. No change in the sedimentation diagram at I = 0.5 was 
observed within the pH range 6.2—-8. As with the 65/70 fraction, precipitation of protein 
occurred in the ultracentrifuge cell at J = 0.5, pH = 5.2. Variation in pH at J = 0.1 
did not produce marked changes in the sedimentation diagrams (Fig. 10). No evidence 
for the dissociation of the sj), component to s, was observed. The increased polydis- 
persity of the faster sedimenting material with lowering of pH from 9.5 to 6.9 is probably 
to be accounted for by the increased association of the 65/70 impurity present (see 


earlier). 


pH 6.9 7:9 9-5 
II,2 10.6 13 11.3 


+ ¥ Y 


_—— 0 rere 


Sedimentation 
diagram 
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Fig. 10. Sedimentation diagrams of 70/85/1 soya bean proteip fraction at J = 0.1 and protein conc. 
= 0.65 g/100 ml. 


DISCUSSION 


It is obvious that the term glycinin as defined by earlier workers on soya bean 
protein refers to a mixture of proteins, at least four different sedimenting components 
being present in the mixture. 

The sedimentation constants of the two main soya bean protein components at 
I = 0.5, pH = 8 reported here are considerably lower than the values of 13.1 and 8.0 S 
obtained by DAN1ELsson® at J = 0.3, pH = 7. When a mixture of arachin and soya 
bean protein at J = 0.5, pH = 8 was examined in the ultracentrifuge, a separation of 
arachin from the s,, soya component occurred. Since at J = 0.5, pH = 7.8 the sedi- 
mentation constant of arachin is ca. 13 S®, it follows that under these conditions the 
value for the soya component must be appreciably less than this figure. It seems likely 
therefore, that the discrepancies in sedimentation constants between DANIELSSON‘S 
results and those reported here, are to be explained by the different ionic conditions 
employed. The variations observed in the sedimentation constant of a particular com- 
ponent at any given ionic strength and pH in the present investigation are probably 
caused by differences in protein concentration. 

Although none of the sedimenting components of soya bean protein has been 
isolated pure in this work, yet ammonium sulphate fractionation has given the two main 
components in a sufficient state of purity for further examination. The states of aggre- 
gation of both these components are susceptible to changes in ionic environment and to 
a considerably lesser extent, to changes in pH. In both cases high ionic strengths favour 
the dissociated state and in this respect these components resemble the 65/85 conarachin 
fraction of the groundnut globulins’. 

A comparison of the two soya bean protein components with 65/85 conarachin shows 
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interesting similarities and differences. Thus with all three proteins the changes which 
occur with variation in ionic strength take place within one hour. With conarachin, light- 
scattering measurements showed that they occurred within one minute®. No light- 
scattering measurements, however, were made with soya bean protein in this investi- 
gation. Moreover at J = 0.5 no differences in the sedimentation diagrams of 65/85 
conarachin or the soya bean components were observed with change of pH within the 
range 6-8 but aggregation occurred in each case when the pH was lowered to the iso- 
electric region. Whereas in the case of conarachin at J = 0.1, considerable changes in 
the sedimentation patterns were observed with variation in pH new sedimenting 
components appearing at pH 6.3, the changes with both soya bean components under 
similar conditions were very slight, no new, discrete components being observed. 


SUMMARY 


An ammonium sulphate fractionation of the protein in a 10% NaCl extract of soya bean meal 
has been carried out. Examination of the fractions in the ultracentrifuge at J = 0.5 pH = 7.8 has 
revealed the presence of at least five sedimenting components. 

Two of these components have been obtained in a reasonable state of purity. In both cases 
association occurred by lowering of ionic strength, the reactions being reversible and occurring 
within one hour. The effect of pH change within the range 6.9—9.5 was much less appreciable. 

The glycinin of previous workers has been shown to contain at least four sedimenting com- 
ponents. 


RESUME 


Les protéines d’un extrait par NaCl a 10% de la farine de soja ont été fractionnées par le 
sulfate d’ammonium. L’examen des fractions a l’ultracentrifugeuse, 4 ] = 0.5 et pH = 7.8, a révélé 
la présence d’au moins cing constituants différents. 

Deux de ces constituants ont été obtenus dans un état de pureté convenable. Pour les deux 
la diminution de la force ionique provoque une association réversible et se produisant en une heure. 
La variation du pH entre 6.9 et 9.5 a4 beaucoup moins d’influence. 

La glycinine précédemment décrite par d’autres auteurs s’est révélée contenir au moins quatre 
constituants. 


ZUSAMMENFASSUNG 


Das Protein, das mit 10% NaCl aus Sojabohnenmehl extrahiert wird, wurde mit Ammonium- 
sulfat fraktioniert. Die Priifung der Fraktionen in der Ultrazentrifuge bei J = 0.5 und pH = 7.8 
zeigte die Anwesenheit von wenigstens 5 sedimentierenden Komponenten. 

Zwei dieser Komponenten wurden einigermassen rein erhalten. In beiden Fallen trat bei Er- 
niedrigung der Ionenstarke Assoziation ein, wobei die Reaktionen reversibel waren und eine Stunde 
dauerten. Die Wirkung einer pH-Veranderung innerhalb des pH-Bereichs 6.9 bis 9.5 war viel weniger 
ausgesprochen. 

Es wurde gezeigt, dass das Glycinin vorhergehender Untersucher 4 sedimentierende Kompo- 
nenten enthalt. 
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INFLUENCE OF THE PROTEIN MOIETY ON THE VISCOSIMETRIC 
BEHAVIOR OF DEOXYRIBONUCLEOPROTEIN™ 


by 
HENRY H. HENSTELL, ROBERT I. FREEDMAN anp IRWIN COOPER 
Institute for Medical Research, Cedars of Lebanon Hospital, Los Angeles, California (U.S.A.) 


INTRODUCTION 


While it is generally accepted that the protein portion of deoxyribonucleoprotein 
(DNP) must have important biological functions, little is know concerning its influence 
upon the behavior of deoxyribonucleic acid (DNA) beyond the belief that protein 
depolymerizes, or reduces the viscosity of, DNA?. 

The following studies are concerned with the influence of the protein moiety upon 
the viscosity of deoxyribonucleoprotein in water, in salt and after heat treatment. It is 
concluded that the protein plays a major role in determining the structure of the DNP 
with reference to its viscosimetric behavior. In contrast to previous findings?-*, it has 
been observed that the viscosity of DNP solutions increases following heating at 75° C. 
The degree of rise is inversely proportional to the amount of protein present in the DNP. 


METHODS AND MATERIALS 


Preparation of calf thymus deoxyribonucleoproteins (DNP). 

Thymus was obtained from 2—3 months old calves. Within 1o-15 minutes after slaughtering 
they were put through a small hand grinder, frozen with solid carbon dioxide and returned to the 
laboratory. All subsequent procedures were performed in a cold room, below 5° C. 


Preparation E-O 


1. Approximately 400 g of frozen thymus was blenderized for 10 seconds in 1 liter of 0.14M 
saline, 0.25 M with respect to sodium citrate, and centrifuged. The precipitate was washed 6 times 
with 0.14 M saline. The final milk-white precipitate was dissolved in 3,800 ml of 1 M saline with 
very brief blenderization, and let stand overnight. 

2. After being strained through 2 layers of cheesecloth, the solution was precipitated in 6 volumes 
of water. This process was repeated a total of 5 times. 

3. The final precipitate was washed once in 65%, four times in 70%, twice in 80% and twice 
in 95% alcohol. Some ether was added to the last washing and the DNP then air dried. The alcohol 
washings were of the order of several hundred ml each. Weight of recovered material = 4.72 g. 


Preparation E—4x 

One liter of the molar saline solution of preparation E-O, just prior to the final water precipi- 
tation, was blenderized for 5 seconds with an equal volume of chloroform/n-amyl alcohol (3/1) and 
the denatured protein centrifuged off. The above treatment was performed a total of 4 times. The 
DNP was then precipitated in 2 volumes of alcohol and washed with increasing concentrations of 
alcohol, with alcohol-ether and air-dried as noted above. 





“ Supported by a grant from the Leukemia Research Foundation, Inc., Los Angeles, California 
and by a Grant-in-aid from the American Cancer Society upon recommendation of the Committee 
on Growth of the National Research Council. 

“ From the University of Southern California, School of Medicine, Department of Medicine. 
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Preparation E-8x 
Prepared exactly as E—4x, but treated with chloroform/n-amyl] alcohol 8 times. 


Preparation F-O 

400 g of the same frozen thymus was blenderized for seconds only with 4.5 liters of 1 M saline. 
After 2 hours it was precipitated in 6 volumes of water. The precipitate was redissolved in 1 M 
saline with blenderizing for 5—10 seconds, and permitted to remain overnight. The following morning, 
it was reprecipitated in water. The precipitation was repeated a total of 4 times; after which the 
precipitate was washed with alcohol, and air-dried, as for the ‘‘E’’ preparations. 


Preparation F-—4x 
An aliquot of preparation F-O was treated as noted for preparation E—4x. 


Preparation F-8x 
An aliquot of preparation F-O was treated as noted for preparation E-8x. 


Preparation 19 

1250 g of frozen thymus was successively ground up, dissolved in 20 liters of 1 M saline, pre- 
cipitated in 6 volumes of water and redissolved in 1 M saline. After being strained, centrifuged 
and reprecipitated in water, the precipitate was redissolved in 1 M saline and the procedure repeated. 
The 1 M salt solution was precipitated in 2 volumes of alcohol and the precipitate washed with 
70% alcohol. 

The precipitate was then redissolved in water with minimal amount of salt necessary for solution 
and then reprecipitated in 2 volumes of alcohol. The final precipitate was not washed. 


Preparation 19-2 

An aliquot of preparation 19, in the minimal concentration of salt (see above), was precipitated 
in 2 volumes of alcohol, washed repeatedly with 70% alcohol and air-dried. Thus, the only difference 
before preparation 19 and 19~—2 consisted in the final washing with 70% alcohol to which preparation 
19-2 was subjected. 


Preparation 22 series 

1070 g of frozen thymus, after being ground, was put into 20 liters of 1 M saline and stirred 
overnight. After being filtered through cheesecloth and precipitated in 6 volumes of water, the 
precipitate was redissolved in 1 M saline and stirred overnight again. The solution was then cen- 
trifuged and precipitated in 6 volumes of water. The precipitate was redissolved in 2 M saline, 
with stirring overnight, after which the concentration was 98 mg%. 

The initial solution, (98 mg%) was labeled ‘‘22’’. Solutions 22 1/2, 22 1/3, 22 1/4, 22 1/5 an 
22 1/10 were obtained by diluting solution ‘‘22’’ to a concentration of 1/2, 1/3, 1/4, 1/5 and 1/10 that 
of 22, with 2 M saline. These solutions were then precipitated in 2 volumes of alcohol and washed 
with progressive dilutions of alcohol as noted for preparation E-—O to yield the preparations of the 
appropriate designation. 

Viscosimetric measurements were made in a 30 second Ostwald viscometer at atmospheric 
pressure and 25° C’. For heating experiments, the solutions of DNP were heated in a water bath 
for 20 minutes at the indicated temperatures and then cooled to 25° C. All viscosities are expressed 
as specific viscosities. 

Nitrogen was determined by the micro-Kjeldahl* method. The DNA was determined from its 
phosphorus content®, and checked spectrophotometrically, using E to/™ = 246 at wave length = 259. 
The protein percentages are expressed in terms of nitrogen, being, actually, the percentage of non- 
DNA nitrogen present in the DNP samples. 


RESULTS 


I. Influence of blenderization wpon the state of DNP 


Blenderization in the Waring blender, of any degree either with or without chloro- 
form, was carefully avoided in these preparations. A considerable experience with this 
procedure has convinced the authors that its use causes extensive destruction of the 
DNP, an opinion which is becoming increasingly prevalent®. In Table I the influence of 
blenderization is evident in the loss of viscosity in both water and salt of preparation 19. 
What seems noteworthy is that the volume of DNP solution treated was 20 ml and the 
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volume of the blender is 750 ml; conditions which favor the denaturation of protein’. 


Not only is there a loss in viscosity but also a marked loss in the sensitivity of the sub- 
strate to DN-ase action. This latter will be discussed in a forthcoming paper. These 
changes occur without the apparent loss of protein from solution. 


TABLE I 


THE INFLUENCE OF BLENDERIZATION ON THE VISCOSITY AND ENZYME REQUIREMENTS 
OF DESOXYRIBONUCLEOPROTEIN 





Specific viscosity 








Preparation 
in water 


in buffer* 


Enzyme (y)** 





19 2.54 


After blenderization of 20 ml for 5 min at room temperature 


19 1.93 





2.20 


1.52 


0.191 


0.317 





* Veronal buffer, 0.015 M (effects of this buffer are equivalent to 0.01 M saline). 
** The amount of enzyme required for a standard amount of depolymerization. 








! 
i 
{ 
TABLE II il 
) 
RELATIONSHIP BETWEEN THE RISE IN VISCOSITY WITH HEAT AND THE PERCENTAGE PROTEIN 
OF DEOXYRIBONUCLEOPROTEIN " 
" 
Exp Prep DNA (mg/ml) % Protein* Specific viscosity 
F : : ’ 25°C 75°C 
I F-O 0.615 57-4 3.03 1.42 
E-O 0.417 29.4 3.30 0.95 
F-4X 0.460 6.7 3.72 11.32 
E-4X% 0.522 2.8 3.65 14.65 
E-8X 0.542 1.9 3.94 15.53 
F-8X 0.504 1.8 3.59 14.57 
II 19 0.545 20.7 3.15 3.48 
19-2 0.534 14.0 3.08 8.02 
III 22-1/2 0.568 24.6 3.37 3.86 
22-1/3 0.500 23.8 3.12 5.81 
22-1/4 0.517 19.6 3.08 8.51 
22-1/5 0.565 16.0 3.26 9.88 
22-1/10 0.498 15-4 3-21 II.19 








* Expressed as protein-N/total-N. 


Mv 





Blenderization of a full chamber of solution is less likely to be attended by destruc- 
tive changes; and the use of the blender with thick solutions DNP in saline may be safely 
attempted if the stirring is not so vigorous as to induce large interfaces. That the con- 
ditions of treatment in the presence of chloroform may influence the results of such 
treatment markedly has been noted also by CHARGAFF and co-workers’. The common 
denominator of the influence of blenderization on DNP seems to be the denaturation of 
protein at interfaces®. 
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II. The influence of protein solubility upon the removal of protein from DNP. 


Since the dissociation of DNA and its protein is influenced by salt concentration, 
the protein may be fractionally removed (with alcohol or chloroform) by varying the 
salt concentration of the DNP solution. As a matter of fact, this has been suggested as a 
possible method for the fractionation of histone’. In 














a - the present studies, however, the progressive removal 
a of protein has been accomplished by varying the 
g ol concentration of the DNP in a salt solution of con- 
$ stant molarity, to which is added two volumes of 
€*r alcohol (Series 22, Table II). Thus, fractional 
34 removal of the protein from DNP is accomplished 

; by taking advantage of the solubility of the protein 
5 | ‘ (denatured?) in dilute alcohol. In the reported series 
T e--~.-- Fe (22 series) the DNP was in 2 M saline, but a similar 

07 02 03 04 05 06 07 08 09 10 series of DNP’s is obtainable from 1 M saline. In the 
eo latter, the amount of protein remaining upon the DNP 
Fig. 1 is greater, at each concentration, as might be expected 


Relationship between protein and from the lesser dissolution of the DNA-protein com- 
viscosities of DNP in water and salt. : 
plex, in 1 M salt. 


A ——. 70 —— The removal of protein from the DNP by alcohol 
O 22, 23.8 is further indicated by a comparison of the protein 
x A-8x 1.9 : 

gg SR. ss percentages of preparation 1g and 192 (Table II). 


wer btn trore: The significant difference between the two prepara- 
Solid line, specific viscosity in water. tions is the additional washing in 70% alcohol to which 


Broken line, specific viscosity in ; 
0.02 M salt. Ig-2 was subjected. 


III. Influence of the protein on the viscosity of DNP 


Influence of the protein moiety on the viscosity of DNP is shown by comparison of 
the viscosities in water and salt solution (0.02 M) of preparations which vary in protein 
content (Figure 1). Such comparison indicates that a quantitative relationship exists 
between the protein content of the DNP and the reaction of the DNP in the two media. 
Preparation 22 1/2, containing 24.6% protein, shows little or no difference between the 
viscosity in water and that in salt. As the protein of the sample decreases, the difference 
between the viscosities increase. The more efficient removal of protein (sample x) by 
blenderization with chloroform until no more protein precipitate is obtained, results in 
the large difference between the water and salt viscosities that is considered to be the 
normal characteristic of protein-free DNA®. This is seen to be due to both a rise in vis- 
cosity in water, and a fall in viscosity in salt beyond that value determined by the 
protein “‘saturated’’ DNA (preparation 22 1/2). It is worth emphasizing that DNP’s 
with these amounts of protein regularly show the highest viscosities in salt per unit DNA. 
Although these characteristics have been recognized for many years, the role of the 
protein in stabilizing and determining the “‘viscosimetric structure’’ of the DNP seems 
to have been overlooked. This delta viscosity (specific viscosity in water minus specific 
viscosity in salt) has become a useful laboratory ‘‘tool’”’ in determining the integrity of 
the DNP particularly as regards the approximate amount of protein present in a given 
sample. 
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IV. The response of DNP to heat 


The response of DNP to thermal agitation is manifested by an increase in viscosity. 
The degree of the rise is a function of the amount of heat applied (Table II and Fig. 2). 
The maximum occurs at a temperature of 70-80° C, (for 20 minutes) beyond which 
there is a marked drop in viscosity. Most important, the degree of rise, at the maximum, 
is a reciprocal function of the amount of protein present in the DNP. 
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Specific viscosity (75°C-25°C) 
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ne Fig. 3. Relationship between the changes in vis- 

Fig. 2. Effect of temperature on the viscosity cosity with heat and the percentage protein of 
of DNP. DNP mixtures. 


Inspection of the data (Table II) indicates that in the presence of circa 17% protein 
or more, DNP does not respond to heat. A more precise estimate of the amount of protein 
which will just prevent a rise in viscosity with heat is obtained when mixtures of several 
preparations in various proportions are heated (the viscosity of the unheated mixture 
being kept constant) and a comparison drawn between the rise in viscosity and the 
protein content of the mixtures. In a mixture of preparation 22 1/2, containing 24.6% 
protein, and 22 1/5 containing 16.0% protein, the amount of protein which just prevents 
a rise in viscosity, is very close to 18% (Fig. 3). 

The effect of thermal agitation may be seen in yet another way. If, after heating of a 
preparation relatively low in protein 22 1/5), salt is added to yield a final concentration 
of 0.1 M, the viscosity decreases markedly. The general pattern of specific viscosities 
(at 25° C) are as follows: in water, prior to heating 2.83; in water, after heating at 
for 20 minutes, and cooling to 25° C, 16.0; after the addition of salt to the heated and 
cooled solution 0.68. The presence of salt during heating prevents these reactions. It 
is reasonable to assume that sites attacked by heat, and some of the sites of attachment 
of the sodium cation and protein are the same. 

It is important to note that the range of viscosities in salt and water per unit DNA 
for any of the preparations, even though very low in protein, are not at all like those 
reported for DNA, protein-free, particularly as regards the viscosity in water. However, 
the viscosities after heating are much like those considered to be characteristic of 
DNA2,®, Since the effect of heat is to bring about or to accentuate what is considered to 
be a normal property of protein-free DNA, it may be questioned whether DNA is not 
simply an artifact of preparation in which other physico-chemical modalities have 
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brought about conditions similar to those induced by heat. An alternative explanation 
namely, that the heat denatures the protein and removes it from effective combination 
with the DNA, which is itself unchanged, appears at the moment less plausible, but would 
be consistent with the thesis that the protein serves to determine the structural charac- 
teristics of DNP. 


DISCUSSION 


The most significant difference between the present studies and previous work is 
the fact that the present methods have permitted the extraction of DNP which has 
properties not previously demonstrated, namely that the viscosity in water and salt are 
equal. Leaving a certain minimum of protein attached to DNA prevents desaggregation 
of DNA by sodium ions as well as disruption of structure by thermal agitation. Since the 
latter effect is also accomplished by sodium ions, it is reasonable to conclude that the 
thermal lability of DNA is concerned with the PO—H-bond. 

These studies are in direct conflict with the prevailing opinion that protein depoly- 
merizes DNA!. The conditions of the present studies are so strikingly different from those 
reported by GREENSTEIN, upon whose work this concept is based, as to make any com- 
parison impossible. In contrast to the use of purified DNA, horse serum and serum 
albumin in mixtures! the present emphasis has been upon the obtaining of DNP in 
which the amount and vigor of handling, and particularly such handling as would 
denature protein, has been held to a minimum, and in which, it is hoped, the protein 
is native to the DNA. 

The hypothesis which would seem to fit the observed facts the best is that DNA is 
composed of relatively small units joined together to form large, branched structures” 
with gel-like characteristics" 1*, Protein would serve to bind these units together in a 
structure that is resistant, at least, to the effects of sodium ions, and to thermal agitation. 
The protein is, apparently, the keystone of the DNP structure. In the absence of protein, 
thermal agitation presumably, exposes PO-groups which are then hydrogen-bonded to 
form more complex and more highly viscous structural configurations. 

The above thesis suggests that the structure of DNP should vary with the nature of 
the protein ‘‘assigned” to it in different organs and under different physiological con- 
ditions. A non-fibrous DNH of low viscosity has been isolated from rat liver in addition 
to the more commonly recognized highly viscous DNH*. 

Quantitatively, the present studies indicate that 18% of protein subtends the above 
function of determining the structural characteristics of DNP. In studies to be reported 
a similar quantitative relationship of the protein to the DNP is seen as regards the 
reactivity of DNP with deoxyribonuclease. 

It seems worthy of note that of the 55% protein present in the DNP that is ex- 
tractable from chromosomes with 1 M saline, approximately 1/3 or close to 18%, could 
not be extracted with mild acid from the original chromosomes (7.¢. before extraction of 
the DNP1*). One may speculate that this 18% is essential to the maintenance of a 
specified structure that permits attachment of the DNA to the chromosomal thread. 
Further differences in DNA-protein combinations, which depend upon the protein 
rather than DNA, are suggested by the fact that 8% of the protein is not removable 
with mild acid from the isolated DNP™. Analogous with the recently established 
heterogeneity of DNA?:16.17 heterogeneity of the protein thus becomes of considerable 
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interest. Such heterogeneity, at least as regards solubility in dilute alcohol, is suggested 
by the method of preparation of the 22 series. The amino-acid compositions of such DNP 
preparations are under investigation. 

It is necessary to comment upon the response of DNP to heat in light of the fact that 
both MiyajI AND Price? and also, more recently, ZAMENHOF and collaborators have 
reported that the response of “‘protein-free’’” DNA to heat is characterized by a drop in 
viscosity. The rise in viscosity found in the present studies is a reciprocal function of the 
amount of protein present, the maximal rise occuring in the preparation containing the 
least amount of protein. The drop in viscosity with heat greater than 70—-75° C has been 
noted by both ZAMENHOF and the present investigators. MryAjJI AND PRICE, however, 
note the viscosity drop to begin at every temperature, even as low as 30° C. The differ- 
ences in the substrates would appear torest in the methods of preparation. The extensive 
extractive procedures to which both previous investigators subjected their material may 
have induced changes which rendered the DNA incapable of responding to heat with 
a rise in viscosity. Enzymic depolymerization also may have taken place. 


SUMMARY 


1. Studies of the physico-chemical behavior of DNP have been made, taking into account the 
influence of preparative procedures. 

2. The specific viscosity in water and in salt of DNP is a function of the protein moiety. In 
the presence of an optimal amount of protein the viscosity in salt per unit DNA is maximum, and 
the viscosities in water and in salt are equal. As protein is removed the viscosity in water rises and 
the viscosity in salt falls. 

3. DNP responds to heat (maximal at 75° C) with a rise in viscosity that is a reciprocal function 
of the amount of protein present. 

4. The optimal amount of protein required to perform the above functions is of the order of 18%. 

5. It is felt that the protein plays an important role in determining the structure of DNA 
within the cell, and, therefore, that this structure will vary under different physiological conditions 
depending upon the nature of the protein present. In this manner the cell can regulate the behavior 
of the DNP. 


RESUME 


1. Les auteurs ont étudié le comportement physico-chimique du DNP, en tenant compte de 
l’influence des méthodes de préparation. 

2. La viscosité spécifique dans l’eau et en solution saline du DNP est fonction de la partie 
protéique. En présence d’une quantité optimum de protéine, la viscosité en solution saline par unité 
de DNA est maximum, et les viscosités dans l’eau et dans les solutions salines sont égales. Au fur 
et 4 mesure que la protéine est éliminée, la viscosité dans l’eau augmente et la viscosité en solution 
saline diminue. 

3. La viscosité du DNP augmente avec la température (elle est maximum a 75°) en raison 
inverse de la teneur en protéine présente. 

4. La quantité optimum de protéine dans ce dernier cas est d’environ 18%. 

5. Il semble que la protéine joue un réle important dans la détermination de la structure du 
DNA 4 l’intérieur de la cellule, et, par conséquent, que cette structure puisse varier selon les con- 
ditions physiologiques en fonction de la nature de la protéine présente. De cette facon la cellule 
peut régler le comportement du DNP. 


ZUSAMMENFASSUNG 


1. Das physiko-chemische Verhalten von DNP wurde studiert und der Einfluss praparativer 
Prozeduren in Rechnung gestellt. 

2. Die spezifische Viskositat des DNP in Wasser und Salz ist eine Funktion des Proteinanteils, 
In Gegenwart eines optimalen Proteingehaltes ist die Viskositat in Salzlésung pro Einheit DNP 
maximal, und die Viskositaten sind in Wasser und Salz gleich. Wenn Protein entfernt wird, steigt 
die Viskositat in Wasser und fallt in Salz. 
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3. DNP beantwortet Erwarmen (maximal bis 75°) mit einem Anstieg der Viskositat, die eine 
reziproke Funktion der anwesenden Proteinmenge ist. 

4. Die fiir die obigen Funktionen erforderliche Proteinmenge liegt bei ungefahr 18%. 

5. Es wird daran gedacht, dass das Protein eine wichtige Rolle bei der Bestimmung der Struktur 
des DNP in der Zelle spielt, und das deshalb unter verschiedenen physiologischen Bedingungen diese 
Struktur variiert — in Abhangigkeit von der Struktur des anwesenden Proteins. In dieser Weise 
kann die Zelle das Verhalten des DNP regulieren. 
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THE DISAPPEARANCE OF PYRUVIC DECARBOXYLASE 
AND a-KETOGLUTARIC DECARBOXYLASE FROM PIGEON MUSCLES 
ON THIAMINE-DEFICIENT DIETS* 


by 


C. H. MONFOORT 
Laboratory for Physiological Chemistry, The University, Utrecht (Netherlands) 


The aim of many investigations carried out in this laboratory is to find quantitative 
relations between the stage of thiamine deficiency and the occurrence of thiamine- 
deficiency symptoms on the one hand and the disappearance of thiamine pyrophosphate 
(TPP) and the TPP dependent enzymes from the tissues on the other hand. By deter- 
mining this coenzyme and these enzymes in various tissues in the course of the time 
during which animals are confined to a thiamine-free diet we hope to contribute to our 
knowledge of the development of the symptoms and the immediate cause of death. 

We have also included in this programme investigations on the so called thiamine- 
sparing action of fat. According to several authors, symptoms and death occur much 
earlier when a thiamine-free diet contains a high percentage of carbohydrate than when 
the carbohydrate in the diet is replaced by fat. According to EvANS AND LEPKOwsky!, 
who have coined the expression “vitamin B, sparing action of fat’, rats on a thiamine- 
free high fat diet grow much better than rats on a thiamine-free high carbohydrate diet. 
As pointed out by WESTENBRINK? and by GRUBER? “‘sparing’’ may in this connection 
mean ‘“‘to use less of’ as well as “‘to dispense with”’. 

GRUBER‘ has proved that on a diet rich in fat the organism uses up its store of 
TPP at a lower rate, for the amount of TPP in the tissues diminishes much more rapidly 
on the thiamine-free high carbohydrate diet than on the thiamine-free high fat diet 
(experiments with liver, cerebrum, breast muscle and heart muscle of the pigeon). More- 
over GRUBER has shown that, immediately after death induced by withholding thiamine, 
in animals consuming the carbohydrate diet the TPP content of heart muscle and liver 
is lower, while the TPP content of breast muscle and cerebrum is higher than in animals 
receiving the fat diet. In these experiments the pigeons on the carbohydrate diet died 
in the mean after 16 days of thiamine deficiency, those on the fat diet after 43 days. 

We ourselves® have reported already on our experiments on the disappearance of the 
pyruvic decarboxylase and the a-ketoglutaric decarboxylase* from breast muscle, heart 





“This work forms part of the investigations on the metabolism and physiological action of 
thiamine by H. G. K. WESTENBRINK and collaborators. 

** We have called the enzymes responsible for the anaerobic decarboxylation of pyruvate and 
a-ketoglutarate: decarboxylases. We might also have designed them by pyruvic dehydrogenase and 
a-ketoglutaric dehydrogenase, for the purest preparations of these enzymes prepared from animal 
material (pigeon breast muscle and pig heart respectively), which are homogeneous both in the 
electrophoretic and in the gravitational field, are active in dehydrogenation as well as in straight 
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muscle and leg muscle of pigeons during the first 12 days on the same diet, free of thiamine 
and rich in carbohydrate, as was employed by GRUBER. We have now continued these 
experiments over longer periods of deficiency and have carried out similar determina- 
tions in breast muscle and heart muscle of pigeons on the diet free of thiamine and rich 
in fat, thus extending our own work as well as that of GRUBER (breast muscle and heart 
muscle belong to the two groups of organs that are distinctly different as regards the 
TPP content at the time of death; see above). This work has also been carried out 
with pigeons, as they are very suitable for forced feeding. Animals soon lose their 
appetite on a thiamine free diet. Therefore the difference between a carbohydrate diet 
and a fat diet is less distinct when the animals are allowed to eat ad libitum. 

The pyruvic decarboxylase was determined by measuring the amount of acetoin 
formed from added pyruvate in a muscle homogenate under anaerobic conditions, the 
a-ketoglutaric decarboxylase by measuring the amount of succinic semialdehyde formed 
from added a-ketoglutarate under similar conditions. 


EXPERIMENTAL 


The normal pigeons consumed ad libitum a mixture of cereals (this is called diet A). The 
thiamine-free diets B and C contained sucrose and an isocaloric amount of pea nut oil respectively. 
The pigeons confined to these diets were forcibly fed through a glass tube which was introduced 
into the stomach. A pigeon on diet B received 2 g casein, 18 g sucrose, 0.3 g of a salt mixture, and 
0.09 g of a vitamin mixture daily, a pigeon on diet C 2 g casein, 8 g pea nut oil, 0.3 g of the salt 
mixture and 0.09 g of the vitamin mixture. The salt mixture was composed according to JANSEN 
AND WESTENBRINK*, the vitamin mixture contained all known vitamins (in the purest form obtain- 
able) with the exception of thiamine (see GRUBER‘). 

After a varying number of days on these diets, the pigeons were killed by decapitation. Im- 
mediately after death part of the large breast muscle (m. pectoralis major) and the heart were excised 
and cooled in an isotonic phosphate solution of pH 7.4. The preparation of the homogenates was 
carried out in the cold room (2° C). 2 g of the breast muscle and 2 g of the left ventricle of the heart 
were homogenized in 18.4 ml of 0.1 M potassium sodium phosphate buffer, pH 6.2, containing 
0.001 M MnCl,, with a homogenizer as described by CAMPBELL é al.’. With this homogenizer the 
tissues were perfectly homogenized in 1 minute. During this time the tube in which the process 
took place was cooled with ice and water, so that the temperature of the homogenate never increased 
to more than 4° C. The pH remained constant during this procedure. 

2 ml samples of the homogenates were pipetted into the main compartment of cooled Warburg 
flasks. The center well contained a piece of phosphorus in order to remove the last traces of oxygen, 
still present after gassing with the purest quality of nitrogen. 2.5 mg of sodium pyruvate or 3.9 mg 
of sodium a-ketoglutarate were tipped in from the side bulb. After 3 hours at 37.5°C 5 ml ofa 10% 
metaphosphoric acid solution were added to the reaction mixtures in the Warburg flasks. After 
centrifuging the determination of acetoin or succinic semialdehyde was carried out in the clear 
supernatants. 

Acetoin was determined according to WHITE, KRAMPITZ AND WERKMAN’, succinic semialdehyde 
in the presence of a-ketoglutarate according to a method based on the principle published by Ocuoa® 
(see Monroort’’). The production of CO, and the amounts of pyruvate and a-ketoglutarate utilized 
were also determined, but these data have no importance in connection with the problem discussed 
in this paper. Thiamine pyrophosphate was determined according to WESTENBRINK AND STEYN- 
Parvé". The sodium pyruvate was a preparation purchased from Hoffmann-La Roche (97 % pure), 





decarboxylation and are generally called dehydrogenases in view of the preponderance of de- 
hydrogenation in metabolism. However, it has not yet been decided whether the same prosthetic 
group is responsible for both actions. REED AND DE Busk® have obtained strong evidence in support 
of the view that in E. coli TPP would be responsible for anaerobic decarboxylation and lipothiamide 
pyrophosphate for aerobic decarboxylation and dehydrogenation. Though the animal dehydrogenase 
preparations mentioned above contain lipoic acid, it has not yet been demonstrated that it is com- 
bined with TPP to form lipothiamide pyrophosphate. Therefore it is possible that in muscle the 
same TPP molecule combined with the enzyme protein is acting under aerobic as well as under 
anaerobic conditions. At any rate, as these questions have not yet been decided, we believe it is 
advisable to speak about decarboxylases in connection with our experiments. 
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the a-ketoglutaric acid a preparation from the Nutritional Biochemicals Corporation, Cleveland 
(at least 98 % pure). Racemic acetoin (95% pure) was prepared according to DiELs AND STEPHAN?®, 
succinic semialdehyde (at least 96% pure) according to CARRIERE™. 


RESULTS 


Table I shows that added acetoin and succinic semialdehyde are completely recov- 
ered after 3 hours’ incubation with muscle homogenates under the actual experimental 
conditions. Hence they must be considered to be final products under these conditions. 
We may therefore conclude that the rate of production of these compounds from added 
pyruvate and a-ketoglutarate can be regarded as a measure of the activity of pyruvic 
decarboxylase and a-ketoglutaric decarboxylase respectively. 


TABLE I 


RECOVERY OF ACETOIN (RACEMIC) AND SUCCINIC SEMIALDEHYDE (SSA) ADDED TO MUSCLE 
HOMOGENATES (200 Mg MUSCLE) AFTER 3 HOURS’ INCUBATION AT 37.5°C 











Added 
Determined Recovered 
— a". 400 ug 450 Ug 2 mg 6 ug (ug) (ug) 
acetoin SSA pyruvate TPP 
Breast I — —_ — 43 
+ — — a 450 “ 
II — — » —_ 373 
- -- - -- 781 = 
aout — + + 390 
+ - - - 798 408 
Heart III — _— — — 10 6 
+ —= — 406 39 
Breast IV — — — — re) 6 
— - - — 465 ies 





In Tables II and III ‘‘severe symptoms” means that according to our experience 
the animals would have died in a few hours. 

Table II shows the decline of pyruvic decarboxylase activity of breast muscle and 
heart muscle in the course of thiamine deprivation. 

Breast muscle. During the first 12 days of deficiency the difference between the 
carbohydrate diet and the fat diet is not significant. As on the average the pigeons live 
much longer on the latter diet than on the former it might be expected, presuming 
decarboxylase activity would continue to be lost on the fat diet, that the final decrease 
on this diet would be much greater than that on the carbohydrate diet. This was indeed 
observed. Hence the severe symptoms immediately preceding death occur at a much 
higher pyruvic decarboxylase activity of the breast muscle on the carbohydrate diet than 
on the fat diet. 

Heart muscle. Now we see that there is a significant difference between the effects 
of the diets after 12 days: the activity of the pyruvic decarboxylase has diminished much 
more on the carbohydrate diet than on the fat diet. So the decline on the fat diet is 
slower, but as the deficiency takes more time to develop on this diet, there is no more 
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a significant difference between the pyruvic decarboxylase activities of heart muscle on 
both diets when the pigeons have incurred severe symptoms. 


TABLE II 
ACETOIN PRODUCTION IN MUSCLE HOMOGENATES 


Diet A = mixture of cereals; Diet B = carbohydrate diet, free of thiamine; Diet C = fat diet, 
free of thiamine. All standard deviations mentioned are standard deviations of the means (standard 
errors). P-values calculated according to Wi_coxon". 

















: . Indices 
m Number 6 ug TPP ans anna qretunet & 38 P 
Diet Conditions of pigeons of piguene Mi . poy ei 
reast muscle Heart muscle of table 
A normal 8 _— 4-3+0.2 2.3+0.1 - 
+ 5.2+0.2 3.6+0.1 1* 
B 4 d. def., 8 _— 3.5 +03 1.8+0.1 = 
no symptoms + 4.8+0.4 3.8+0.1 2+ 
12 d. def., 10 — 2.4+0.2 0.3 +0.02  . 
no symptoms + 5.0+0.4 3.2 +0.2 37 
18 d. def. in mean 13 —- 1.7+0.3 0.2 + 0.03 — 
(11 d. to 25 d.), 
severe symptoms 
20 d. def. in mean 3 a 1.6+0.2 0.1 +0.02 5~ 
(17, 18 and 26 d. def.), _ 3.6+0.2 1.8+0.3 5* 
severe symptoms 
Cc 12 d. def., 10 — 2.7+0.2 I.I +0.1 6~ 
no symptoms + 4-5 +0.3 3-1 +0.2 6* 
26 d. def., 10 —- 0.8+0.1 0.3 + 0.03 a 
no symptoms + 2.9+0.3 2.3+0.1 A 
33 d. def. in mean 9 — 0.4 + 0.03 0.I + 0.02 8- 
(29 d. to 37 d.), 
severe symptoms 
51 d. def. in mean 5 -— 0.3 + 0.02 0.1 +0.02 9~ 
(44, 44 and 48 d. def., — 2.7+0.2 1.5 +0.2 gt 


severe symptoms; 
59 and 60 d. def., 
no symptoms) 





Breast muscle Heart muscle 


P(,--,-) = 0.01; P(,--3-) < 0.001; 
P(,—-4-) < 0.001; P(,—-,-) < 0.001; 
P(,--7-) < 0.001; P(,--,—) < 0.001. 


P(,;--9-) = 0.02; P(,--3-) < 0.001; 
P(,--4-) < 0.001; P(,—-.-) < 0.001; 
P(,;--7-) < 0.001; P(,—-,—) < 0.001. 


P(,+-,t) > 0.1; P(,+~-3+) > 0.1; P(,;+-gt) > 0.1; P(,+~3+) > 0.1; 
P(,+-5+) < 0.001; P(,+~g+) > 0.1; P(,+-5+) < 0.001; P(,+~-,+) > 0.1; 
P(,+-,+) < 0.001; P(,+-,+) < 0.001. P(,+-,+) < 0.001; P(,+-,+) < 0.001. 


P(;—-4-) < 0.001; P(,--,—) > 0.1; P(s--4-) > 0.1; P(g-—-5-) > 0.1; 
P(,—-,-) < 0.001; P(,-_,-) < 0.001; P(g—-,-) < 0.001; P(,-_,-) = 0.004; 
P(s--,-) > 0.1; P(g--g-) < 0.001. P(g—-p-) > 0.1; P(4--g-) > 0.1. 
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TABLE III 
SUCCINIC SEMIALDEHYDE (SSA) PRODUCTION IN MUSCLE HOMOGENATES 


Diet A = mixture of cereals; Diet B = carbohydrate diet, free of thiamine; Diet C = fat diet; 
free of thiamine. All standard deviations mentioned are standard deviations of the means (standard 
errors). P-values calculated according to WiLcoxon". 

















‘ Indices 
Diet Condition of pigeons . unter = Og TPP SS EE ES for P 
of Pte ane Breast muscle Heart muscle oe 
A normal 7 “= 7.340.5 5810.4 a 
+ 9.0+0.4 6.3 +0.3 1* 
B 4 d. def., 9 — 4614+0.4 6.0 +0.5 2- 
no symptoms + 9.2+0.3 7.0+0.3 2+ 
12 d. def., 9 — 4810.4 4-.5+0.1 _ 
no symptoms ~ 8.8+0.4 5.8+0.3 3t 
18 d. def. in mean 13 — 4:7 +0.2 3.0+0.2 47 
(11 d. to 25 d.), 
severe symptoms 
20 d. def. in mean 3 —- 5-4+0.3 3-2 +0.6 5~ 
(17, 18 and 26 d. def.), + 8.1+0.5 6.5 +0.5 5* 
severe symptoms 
C 12 d. def., 10 _ 6.0+0.4 6.24+0.4 6- 
no symptoms 9.2+0.4 6.7 +0.3 6+ 
26 d. def., 10 — 3.0+0.4 4.1+0.2 2 
no symptoms + 7.1+0.5 5-5 +0.3 7+ 
33 d. def. in mean 9 —- 2.9+0.1 4-4+0.2 8- 
(29 d. to 37 d.), 
severe symptoms 
51 d. def. in mean 5 = 2.3+0.2 3.2 +0.1 9~ 
(44, 44 and 48 d. def., a 4640.3 4.5 140.4 gt 


severe symptoms; 
59 and 60 d. def., 
no symptoms 





Heart muscle 
P(,;—-2-) > 0.1; P(,—-3-) < 0.001; 
P(,--4-) < 0.001; P(,—-,-) > 0.1; 


Breast muscle 


P(,--9-) < 0.001; P(,—~3—) > 0.1; 
P(,--,-) > 0.1; P(,—-.—) = 0.02; P 
P(,—-7-) < 0.001; P(,—-s—) < 0.001. P(,—-;-) < 0.001; 





P(,+-3+) > 0.1; 
P(,+-¢+) > 0.1; 


P(,+-9+) < 0.001. 


P(.--5-) > 0.1; 


; P(,—-,-) > 0.1; 
P(,--s-) < 0.001. 


P(,+-,+) > 0.1; 
P(,+-5+) > 0.1; 
P(,+-,+) = 0.01; 


P(,—-4-) < 0.001; 
P(,—--;-) < 0.001; 
P(,—-»-) < 0.001; 


P(,+-3+) = 0.09; 
P(,+-gt) > 0.1; 


P(,+~-9+) < 0.001. 


P(,--5—) > 0.1; 
P(,-—-g-) > 0.1; 


P(,—-4-) < 0.001. 


Table II further shows the effect of adding TPP in vitro. A small effect is already 
observed in the case of normal muscles. There are two possible explanations for this, v#z. 
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a small part of the pyruvic decarboxylase is present in the tissue i” situ as the apoenzyme, 
even when the body is abundantly supplied with thiamine, or part of the prosthetic 
group is split off in the course of the preparation of the homogenate. We believe the 
latter to be the most probable. 

It further appears that in both muscles and on both diets the apoenzyme is main- 
tained during the first 12 days of thiamine deficiency, for the same level is reached 
upon adding TPP to the homogenates of the muscles of the 12 days’ deficient pigeons 
as in the case of homogenates of the muscles of normal pigeons. When the deficiency 
lasts longer the apoenzyme is partly lost, for in the later stages addition of TPP does 
not restore the pyruvic decarboxylase activity to its maximal level. 

The data concerning the a-ketoglutaric decarboxylase activity of the muscle 
homogenates are assembled in Table III. 

Breast muscle. We see that on the carbohydrate diet the activity declines during the 
first 4 days of deficiency, but then remains practically constant until the occurrence of 
severe symptoms, which would have been followed by death in a couple of hours. The 
activity is then still rather high. 

The decline on the fat diet is smaller in the first 12 days, but it gradually increases 
as thiamine deprivation is prolonged. In the last stage of deficiency the a-ketoglutaric 
decarboxylase activity is significantly lower on the fat diet than on the carbohydrate diet. 

Heart muscle. Now we see that the activity remains constant for 4 days on the 
carbohydrate diet; after 12 days on this diet the activity has significantly decreased, 
and this decrease continues until severe symptoms are observed. 

On the fat diet, however, the activity has not yet diminished after 12 days; after 26 
days a significant decrease is observed. The activity remains more or less on this level 
until severe symptoms are observed, though there is some tendency to decrease still 
further with prolonged time of survival. In most cases the a-ketoglutaric activity is 
higher at death on the fat diet than on the carbohydrate diet. 

On the carbohydrate diet the apo-a-ketoglutaric decarboxylase appears to be 
maintained both in breast muscle and in heart muscle until the last stage of deficiency 
(on the average 18 days). 

On the fat diet, however, on which the time of survival is much longer, there is a 
definite decrease of the amount of apoenzyme in the stages when symptoms occur 
(compare the activities of normal and deficient homogenates in the presence of 
added TPP). 

To compare the decrease of pyruvic decarboxylase and a-ketoglutaric decarboxylase 
activities with progressive deficiency Figs. 1 and 2 may be consulted. In these figures 
the activities, expressed in percentages of the activity of the homogenates of the normal 
muscles, are plotted against the period of thiamine deprivation. These figures show that 
under similar conditions, viz. carbohydrate or fat diet, both in breast- and heart muscle a 
much higher percentage of active a-ketoglutaric decarboxylase remains in the tissue as 
compared to pyruvic decarboxylase. Thus the former enzyme always appears to lose its 
prosthetic group less readily than the latter, with one exception only: in the breast 
muscle during the first 4 days of deficiency on the carbonhydrate diet; in that case the 
breast muscle loses its a-ketoglutaric decarboxylase activity with an extreme rapidity. 

As mentioned above the pigeons with severe symptoms were in a condition from 
which it could be predicted that they would die within a few hours. In general death 
was much more acute on the carbohydrate diet than on the fat diet, and on the latter 
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temporary remissions were often observed. But we had sufficient experience with 
thiamine-deficient pigeons to be able also to predict the rapid approach of death in the 
case of the fat-fed pigeons. Therefore we may conclude that both enzymes never disappear 


completely from the muscles examined. 
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Fig. 1. Percentual decrease of the enzyme activi- 

ties in breast muscle. 1. a-Keto-glutaric decar- 

boxylase, carbohydrate diet; 2. a-Ketoglutaric 

decarboxylase, fat diet; 3. Pyruvic decarbox- 

ylase, carbohydrate diet; 4. Pyruvic decarbox- 
ylase, fat diet. 
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Fig. 2. Percentual decrease of the enzyme activi- 

ties in heart muscle. 1. a-Keto-glutaric decar- 

boxylase, carbohydrate diet; 2. a-Ketoglutaric 

decarboxylase, fat diet; 3. Pyruvic decarbox- 

ylase, carbohydrate diet; 4. Pyruvic decarbox- 
ylase, fat diet. 


TABLE IV 
THIAMINE PYROPHOSPHATE CONTENT OF MUSCLES 


Diet A = mixture of cereals; Diet B = carbohydrate diet, free of thiamine; Diet C = fat diet, 
free of thiamine. ‘Standard errors’’. 




















Breast muscle Heart muscle 
Diet Condition of pigeons Number ug TPP Number ug TPP 
of pigeons per g of pigeons per g 
A normal 20 7.3+0.1 20 6.3 +0.2 
B 4 d. def., 21 4:9 +0.2 19 3.9+0.1 
no symptoms 
12 d. def., 24 3.2+0.1 20 1.7+0.1 
no symptoms 
18 d. def. in mean 13 2.7+0.1 13 1.4 +0.06 
(11 d. to 25 d.), 
severe symptoms 
C 12 d. def., 10 4-9+0.1 10 3-7+0.1 
no symptoms 
26 d. def., 10 1.7 + 0.08 10 1.6 + 0.02 
no symptoms 
33 d. def. in mean 9 1.8+0.1 9 1.7+0.1 


(29 d. to 37 d.), 
severe symptoms 
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Table IV summarizes the results of all TPP determinations carried out during this 
investigation. In general they confirm GRUBER’s results. Furthermore the remarkable 
fact that the decrease of the TPP content in the later stages of deficiency is only very 
small or nil (comp.: carbohydrate diet, pigeons after 12 days of deficiency without 
symptoms and pigeons with severe symptoms; fat diet, pigeons after 26 days of de- 
ficiency without symptoms and pigeons with severe symptoms) permits the following 
conclusion. Presuming that enzymes with TPP as a prosthetic group, other than the 
two enzymes studied, occur in the normal muscles in not too small amounts these must 
also lose their prosthetic group to a large extent long before the symptoms occur, for 
otherwise the TPP content of the muscles would still decrease considerably in the last 


stages. 


DISCUSSION 


According to GRUBER* TPP disappears less rapidly from the tissues, when the 
thiamine-free diet contains fat instead of carbohydrate. Actually, this diminished rate of 
utilization of TPP is not due to an effect of the fat in the diet, but to the absence of 
carbohydrate. This appears from an experiment by the same author’, in which he 
administered various amounts of carbohydrate, but no fat. The feeding of a small 
amount of carbohydrate provoked a less rapid disappearance of TPP than the feeding 
of a larger amount. Hence in the discussion of our experiments the presence or the ab- 
sence of carbohydrate in the diet should be emphasized and not the presence of fat. 

The curves in Figs. 1 and 2 representing the change of pyruvic decarboxylase and 
a-ketoglutaric decarboxylase of breast muscle and heart muscle of pigeons on the fat diet, 
are thus characteristic for diets containing no carbohydrate. As these figures show, the 
phenomena appear to be much more complicated than one could expect from the results 
of the determination of total TPP, as carried out by GRUBER. During the first 18 or 
20 days there is not much difference in breast muscle between the rates of inactivation of 
pyruvic decarboxylase on both diets, but the difference is very pronounced in the case of 
heart muscle (after 12 days of thiamine deprivation on the carbohydrate diet the pyruvic 
decarboxylase activity has already decreased to 10% and on the diet free of carbohydrate 
to only 45% of the normal value). The difference between the effects of the two diets is 
very remarkable for the a-ketoglutaric decarboxylase: in breast muscle the inactivation 
is much more pronounced on the carbohydrate diet than on the diet containing no 
carbohydrate in the first 4 days; during the following days, however, no further inactiva- 
tion takes place on the former diet, while the inactivation gradually proceeds on the 
latter. In heart muscle the activity remains constant during the first 4 days on the 
carbohydrate diet and during the first 12 days on the diet containing no carbohydrate. 
After these initial periods the decrease sets in at about equal rates on both diets. 

Altogether we see that the determination of total TPP, which is not only the 
prosthetic group of the two enzymes studied, but very probably also that of other 
enzymes, gives only a very incomplete picture of thiamine metabolism during thiamine 
deprivation. However, summarizing various conclusions from Tables II and III, to 
be found in the Experimental Part, we see that at death both kinds of muscle tend 
to show the same differences between their enzyme activities on the two diets as 
between their total TPP contents, as described by GRUBER. This is schematically shown 
in Table V. 
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TABLE V 
TPP CONTENTS AND ENZYME ACTIVITIES AT DEATH 
Breast muscle Heart muscle 
TPP content at death on diet B > on diet C on diet B < on diet C 
Pyruvic decarb. activity at death on diet B > on diet C on diet B = on diet C 
a-Ketoglutaric decarb. activity at death on diet B > on diet C on diet B < on diet C 





As we have seen, the decarboxylases can be easily determined in muscles, as acetoin 
and succinic semialdehyde appear to be final products under anaerobic conditions. We 
have obtained evidence that it is not so easy in other tissues. If the conception of REED 
AND DeBusk that the TPP responsible for anaerobic decarboxyoation is also responsible 
for the oxidation of pyruvate and a-ketoglutarate by artificial electron acceptors as 
ferricyanide also applies to the animal enzymes, these decarboxylases may possibly be 
determined in other tissues by measuring the rate of oxidation of these substrates by 
ferricyanide. 

However this may be, in our opinion the results of this investigation indicate, that 
the determination, during the progress of thiamine deficiency, of all enzymes which have 
TPP or a TPP-lipoic acid complex as prosthetic group in the largest possible number of 
tissues promises to give much more insight into the origin of the symptoms of thiamine 
avitaminosis, which finally depend on a derangement of metabolism. 


SUMMARY 


In homogenates of breast muscle and heart muscle acetoin and succinic semialdehyde are final 
products of the anaerobic metabolism of pyruvate and a-ketoglutarate respectively. Therefore the 
pyruvic and a-ketoglutaric decarboxylase activities of these muscles could be measured by deter- 
mining the rates of production of these compounds from pyruvate and a-ketoglutarate added to 
the homogenates. 

During thiamine deprivation both activities decreased according to the curves shown in Figs. 
1 and 2. Pronounced differences exist between both kinds of muscle regarding the rates of decline 
of the activities as well as the activities remaining at death. The presence or absence of carbohydrate 
in the thiamine-free diet also has a marked influence on both phenomena. 

In general the a-ketoglutaric decarboxylase activity decreases less rapidly than the pyruvic 
decarboxylase activity. 

At death the pyruvic decarboxylase activity of breast muscle is much higher on the carbo- 
hydrate diet than on the fat diet, while in this regard no difference appeared to exist in heart muscle. 
Regarding the a-ketoglutaric decarboxylase activity at death, this is also higher on the carbohydrate 
diet than on the fat diet in breast muscle, while in most cases the reverse was observed in heart muscle. 

As compared to the normal activity of breast muscle or heart muscle the final percentage 
decrease of the pyruvic decarboxylase activity is always much greater than that of the a-ketoglutaric 
decarboxylase activity, but the former also is never completely lost. 

The apoenzymes are completely maintained in the muscles during most of the period of de- 
ficiency; they are only partly lost in the last stages, with the exception of the a-ketoglutaric de- 
carboxylase on the carbohydrate diet. 


RESUME 


Les produits finaux du métabolisme anaérobie du pyruvate et de l’a-cétoglutarate dans des 
homogénats de muscle pectoral ou de muscle cardiaque sont respectivement l’acétoine et la semi- 
aldéhyde succinique. Par conséquent on peut mesurer les activités pyruvique et a-cétoglutarique 
décarboxylasiques de ces muscles en déterminant les vitesses d’apparition de ces corps a partir du 
pyruvate et de l’a-cétoglutarate ajoutés aux homogénats. | 

La diminution des deux activités au cours d’une carence en thiamine est représentée par les 
Figs. 1 et 2. Les vitesses de diminution des activités ainsi que les activités résiduelles au moment 
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de la mort sont trés différentes selon le muscle envisagé. La présence ou l’absence de glucides dans 
le régime sans thiamine influe également beaucoup sur ces deux phénoménes. 

En général l’activité décarboxylasique vis 4 vis de l’a-cétoglutarate diminue moins rapidement 
que l’activité vis 4 vis du pyruvate. 

Au moment de la mort, l’activité de la pyruvique décarboxylase du muscle pectoral est beaucoup 
plus élevée pour un régime glucidique que pour un régime lipidique; cette différence ne s’observe 
pas dans le cas du muscle cardiaque. 

L’activité de l’a-cétoglutarique décarboxylase varie de la méme facgon en fonction du régime 
dans le muscle pectoral, alors que, dans la plupart des cas, elle varie en sens inverse dans le cas 
du muscle cardiaque. 

Le pourcentage final de diminution d’activité, par rapport a l’activité normale, de la pyruvique 
décarboxylase est toujours beaucoup plus grand que celui de l’a-cétoglutarique décarboxylase; 
cependant la perte d’activité du premier enzyme n’est jamais totale. 

Les apoenzymes persistent dans les muscles pendant la plus grande partie de la carence; ils 
ne sont perdus que partiellement dans les derniers stades, sauf dans le cas de |’a-cétoglutarique 
décarboxylase et d’un régime glucidique. 


ZUSAMMENFASSUNG 


In Homogenaten des Brust- und Herzmuskels sind Acetoin und Bernsteinsaurehalbaldehyd 
Endprodukte des anaeroben Stoffwechsels der Brenztraubensaure bezw. der a-Ketoglutarsdure. 
Daher konnten die Aktivitaten der Brenztraubensdure- und der a-Ketoglutarsaure-Decarboxylase 
gemessen werden, indem die Geschwindigkeit der Produktion dieser Verbindungen nach Zusatz von 
Pyruvat und a-Ketoglutarat zu den Homogenaten bestimmt wurde. 

Bei Vitamin B, Mangel nahmen die Aktivitaten entsprechend den Kurven der Fig. 1 und 2 ab. 
Es bestehen ausgesprochene Unterschiede zwischen den beiden Muskelarten, wenn der Geschwindig- 
keitsabfall der Aktivitaten und die Aktivitatsreste beim Tod betrachtet werden. Die Gegenwart oder 
Abwesenheit von Kohlehydrat bei Vitamin B, freier Diat hat einen merkbaren Einfluss auf beide 
Phanomene. 

Im allgemeinen fiel die a-Ketoglutarsaure-Decarboxylase-Aktivitat weniger schnell ab, als die 
der Brenztraubensaure-Decarboxylase. 

Beim Tod ist im Brustmuskel die Pyruvat-Decarboxylase Aktivitat nach Kohlehydratdiat viel 
héher als nach Fettdiat, wahrend im Herzmuskel keine solche Verschiedenheit zu bestehen scheint. 
Ebenso ist im Brustmuskel die a- Ketoglutarat-Decarboxylase Aktivitat beim Tod nach Kohlehydrat- 
diat grésser als nach Fettdiat, wahrend in vielen Fallen im Herzmuskel das umgekehrte beobachtet 
wurde. 

Verglichen mit der normalen Aktivitat von Brust- und Herzmuskel ist der finale prozentuale 
Abfall der Pyruvat-Decarboxylase Aktivitat immer viel grésser, als der der a-Ketoglutarsdure- 
Decarboxylase, aber auch die erstere geht niemals vollstandig verloren. 

Die Apoenzyme der Muskeln bleiben wahrend des gréssten Teiles der Mangelperioden voll- 
standig erhalten. Ein teilweiser Verlust tritt allein in den letzten Stadien ein, mit Ausnahme der 
a-Ketoglutarsaure-Decarboxylase bei Kohlehydratdiat. 
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EFFECTS OF ACETYLCHOLINE ON PHOSPHATE TURNOVER 
IN PHOSPHOLIPIDES OF BRAIN CORTEX IN VITRO* 


by 


LOWELL E. HOKIN** anp MABEL R. HOKIN“*** 
Research Institute, The Montreal General Hospital, Montreal (Canada) 


We previously reported that acetylcholine or carbamylcholine markedly stimulates 
the incorporation of **P into the phospholipides of pancreas slices!»*. Preliminary obser- 
vations also indicated that acetylcholine stimulates the incorporation of **P into the 
phospholipides of brain cortex slices, but to a lesser extent than in pancreas!+%, This 
paper is concerned with a more detailed study of the effects of acetylcholine on the 
phospholipides of guinea pig brain cortex slices, using **P and glycerol-1-C. The 
stimulation of **P incorporation is shown to occur in several phospholipide fractions, and 
appears to be due to an increased turnover of phosphate in preformed phospholipides 
rather than to a synthesis de novo of the phospholipide. The stimulation of phosphate 
turnover in phospholipides takes place in the nuclear, mitochondrial, microsomal and 
supernatant fractions of brain cortex. Low concentrations of atropine abolish the 
stimulatory effect of acetylcholine, reducing phosphate turnover in phospholipides about 
15% below the level found without added acetylcholine or eserine. 


EXPERIMENTAL 


Guinea pigs were killed by decapitation, and the brain was removed immediately and placed 
in chilled saline. Slices were cut from the surface of the cortex only, to avoid white matter. Care 
was taken to add the same amount of tissue to each vessel in any one experiment. The slices 
were incubated in either modified! ‘‘Medium III’ of Kress* or in the bicarbonate saline of KREBs 
AND HENSELEIT®, the gas phases being oxygen or 7% CO, in oxygen, respectively. Glucose (final 
concentration 200 mg per cent) was added to all vessels. Acetylcholine choride and atropine sulfate 
were added as indicated; eserine sulfate (final concentration 1.5-10-* M) was always added with 
acetylcholine. 1ro—20 wC of NaH,**PO, were added to each vessel, except in experiments with 
glycerol-1-4C. In these experiments 3.25 wmol of glycerol-1-“C (1 wC/umol) were added to each 
vessel. The slices were incubated at 37° for 1-3 hours. Oxygen uptake was measured when modified 
Kress Medium III was used. 

Extraction and preparation of phospholipides. After incubation, the ether soluble phospholipides 
were isolated by previously described procedures®.?.! and their specific activities determined. The 
chloroform soluble phospholipides were prepared by the method of Dawson’. The neutral and acidic 
phospholipide fractions were prepared from the ether soluble phospholipide extracts by a slightly 
modified? method of TAuRroG, ENTENMAN, FRIES AND CHAIKOFF*®. Glycerophosphate was isolated 
from the glycerophosphatides by alkaline hydrolysis of the ethanol-ether extracts followed by 





* Part of this work has been communicated to the American Society of Biological Chemists in 
Atlantic City, April 13, 1954°. 
** Special Research Fellow of the National Cancer Institute, U.S. Public Health Service. Present 
Address, Department of Pharmacology, McGill University, Montreal, Canada. 
*** Fellow of the National Cancer Institute of Canada. 
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ionophoresis on paper®. This glycerophosphate is derived from glycerophosphoryl] choline, glycero- 
phosphoryl ethanolamine, glycerophosphoryl serine, and possibly as yet unidentified glycero- 
phosphatides. 

All counts/min/ug P are corrected to 100,000 counts/min/ug P for the inorganic P in the 
medium. In experiments using glycerol-1-'C the specific activity is expressed as C counts/min/ug P 
of the isolated glycerophosphate. 

The tissue phospholipide concentration was determined by making the combined ethanol and 
ethanol-ether extracts up to volume and estimating the total phosphorus in an aliquot. 

Preparation of sub-cellular fractions by differential centrifugation. After incubation, the slices 
were homogenized for 30 seconds in 9 vol. of 0.25 M sucrose in a Teflon homogenizer (Arthur H. 
Thomas Co., Philadelphia, Pa.). The homogenate was separated into four fractions as follows: 
R, — The residue obtained after spinning at 600 g for 10 min; this was reddish and gelatinous in 
appearance. Microscopic examination revealed mainly nuclei with a few mitochondria and red blood 
corpuscles. R, — The residue obtained after spinning at 12,000 g for 10 min; this was whitish-tan 
and appeared to consist mainly of mitochondria. R, — The residue obtained after spinning at 23,000 g 
for 30 min; this was also whitish-tan and contained a few mitochondria and presumably the major 
portion of the microsomes. S — The supernatant fluid left after the last spinning. All operations were 
carried out at 0°. The above procedure for isolation of subcellular fractions by differential centrifu- 
gation combines features of methods published by SCHNEIDER!” and Bropy anp Barn". 


RESULTS 


Effect of acetylcholine on the incorporation of *P into different phospholipide fractions of 
brain slices 


Acetylcholine stimulated the incorporation of **P into all the phospholipide frac- 
tions of brain cortex slices studied, but to an unequal degree (Table I). The ether soluble 
phospholipides had a lower net specific activity than the chloroform soluble phos- 
pholipides, but the ether soluble phospholipides showed a greater percentage stimulation 
(Expt. 1, Table I). This suggests that those phospholipides which are insoluble in ether, 
but soluble in chloroform (possibly sphingomyelins and other as yet unidentified phos- 
pholipides), are less responsive to acetylcholine. In the ether soluble phospholipide 
fraction the acidic fraction (cephalins) had a higher specific activity than the neutral 
fraction (lecithins) (Expt. 2, Table I). This is in agreement with the findings of other 
workers on the brain?*- 1%, The incorporation of **P into both the cephalin and lecithin 
fractions was stimulated by acetylcholine. In pancreas acetylcholine stimulates the 
cephalins to a much greater extent than the lecithins™:?. This striking difference was 
not found with brain, although it is probable that with the phospholipides from brain a 
less satisfactory separation of the two fractions was achieved. 


TABLE I 


THE SPECIFIC ACTIVITIES OF THE PHOSPHORUS OF DIFFERENT PHOSPHOLIPIDE FRACTIONS FROM 
BRAIN SLICES INCUBATED WITHOUT AND WITH ACETYLCHOLINE 











P Specific activity 
Expt. Fraction (counts /min/ yg P) 
No. 
Types of phospholipide Control + ACh 
I Ether soluble (Lecithins and Cephalins) 131 272 
Chloroform soluble (Lecithins, 
Cephalins and Sphingomyelins) 295 400 
2 Ether soluble, neutral (Lecithins) 82 138 
Ether soluble, acidic (Cephalins) 189 324 
3 Ether soluble (Lecithins and Cephalins) 118 304 
Ether soluble glycerophosphatides 108 176 





ACh — acetylcholine (10-? M in Expts. 1 and 3; 10-* M in Expt. 2). Eserine (1.5-10-* M) was 
added with acetylcholine. Slices incubated in modified KreBs medium III for 2 hours. 
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The specific activity of the glycerophosphatides from slices incubated without 
acetylcholine was approximately the same as the specific activity of the ether soluble 
phospholipides from the same slices (Expt, 3, Table I). However, the specific activity of 
the ether soluble phospholipides was increased by acetylcholine more than twice as much 
as the specific activity of the glycerophosphatides of this fraction. This suggests that the 
incorporation of **P into some ether soluble phospholipide which does not yield glycero- 
phosphate on alkaline hydrolysis is markedly stimulated by acetylcholine. The brain 
diphosphoinositide described by FoLcu:’* is a constituent which might fit these con- 
ditions. It is present with the other cephalins in the ether soluble fraction and, although 
it contains glycerol, acid hydrolysis yields all the phosphate of the molecule as inositol 
metadiphosphate. 

There was no appreciable change in the total phospholipide concentration on in- 
cubation of brain slices either anaerobically or aerobically for as long as three hours in the 
presence or absence of acetylcholine. 


Effects of eserine and increasing concentrations of acetylcholine on the incorporation of **P 
into brain phospholipides 

The stimulatory effect of acetylcholine on the incorporation of **P into the phos- 
pholipides increased with increasing concentrations of acetylcholine (Fig. 1). The 
minimum effective acetylcholine concentration, observed in Expt. 1 and obtained by 
extrapolation in Expts. 2 and 3, was between 10~* and 10° M. With incubations of 2 or 
3 hours duration(Expts. 2 and 3) the specific activities of the ether soluble phospholipides 
and the glycerophosphatides increased linearly with the logarithm of the acetylcholine 
concentration, within the range 10~*° to 10-2 M. With one hour incubation (Expt. 1) the 
maximum increase in the specific activity of the ether soluble phospholipides was ob- 
tained in the presence of 10~* M acetylcholine. Eserine alone increased the incorporation 
of **P into the glycerophosphatides about 10% (Expt. 3) ; although this effect is small it 
was consistently observed. 10-° M acetylcholine was only slightly more effective than 
eserine. 

Acetylcholine has no effect on the oxygen uptake or the specific activities of the 
acid-soluble phosphate ester fractions of brain 


slices!, indicating that the effects on phospholipides “7 

are not secondary to anincreasein the permeability 

of the cell to phosphate ions nor to a general in- 2 

crease in the rate of phosphorylation. § oot 

Fig. 1. Effects of eserine and increasing concentrations of x ys ae 
acetylcholine on the incorporation of **P into brain phos- gr - — 


pholipides. @———@ Expt. 1. 110 mg wet wt tissue in 3 ml : , 
of modified Kress medium III incubated for one hour. pe nena eanetes fi 
Specific activities of the ether soluble phospholipides meas- 
ured. O O Expt. 2. 100 mg wet wt tissue in 3 ml modi- 
fied Kress Medium III incubated for two hours. Specific 
activities of ether soluble phospholipides measured. §§——@ 
Expt. 3. 60 mg wet wt tissue in 2 ml bicarbonate saline ¢----- wa 
incubated for three hours. 0 — 1.5:10~* M eserine without 
acetylcholine. Specific activities of the glycerophosphatides 
measured. 1.5-10~4 M eserine was added with acetylcholine 0 Moré 05 ‘oO os) 10°? 
in all cases. Molar acetylcholine conc 
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Time course of the incorporation of **P into glycerophosphatides 


Acetylcholine increased the incorporation of **P into the glycerophosphatides only 
12% during one hour’s incubation as compared to 68% and 82% during two and three 
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2 
Ouration of incubation (hours) 


Fig. 2. Time course of the incorpo- 
ration of **P into brain glycero- 
phosphatides. © — Slices incubated 
with acetylcholine (10-? M). @ - 
Control slices. Specific activities are 
expressed as counts/min/ug P. 80 
mg wet wt of tissue was incubated 
in 2 ml bicarbonate saline. Eserine 
(1.5:10-* M) was added with 


acetylcholine. 


hours’ incubation, respectively (Fig. 2). It will be 
noted that this increasing stimulation was primarily 
due to a decrease in the rate of incorporation of ®*P into 
the phospholipides in the unstimulated tissue. It is 
possible that the initial rate of incorporation of **P into 
the phospholipides in the tissue incubated without 
added acetylcholine is somewhat stimulated as a result 
of a release of acetylcholine during the slicing procedure 
and that the rate of incorporation of **P in the second 
and third hours (when the liberated acetylcholine 
would presumably have been destroyed by choline 
esterase) more closely represents the true unstimulated 
rate. It is also possible that the apparent lag in the 
action of acetylcholine is due to a low permeability 
of brain cortex slices to this substance. In this con- 
nexion it is of interest that in pancreas there is no lag 
in the action of acetylcholine; furthermore, a maximal 
stimulation of phosphate turnover in phospholipides 
is obtained with one-thousandth the concentration of 
acetylcholine as compared with brain cortex. 


Acetylcholine and the incorporation of glycerol-1-14C 
into brain glycerophosphatides 


Acetylcholine stimulates the incorporation of **P 
into the glycerophosphatides of pancreas slices over 


ninefold but does not increase the incorporation of glycerol-1-*C by more than 20%?. 
In brain cortex slices acetylcholine also failed to increase the incorporation of glycerol- 
1-44C into the glycerophosphatides under conditions in which the incorporation of *P 
was increased (Table II). In fact, ro-* M acetylcholine consistently inhibited the incor- 


TABLE II 


COMPARISON OF THE EFFECT OF ACETYLCHOLINE ON THE INCORPORATION OF GLYCEROL-1-'4C 
AND 88P INTO BRAIN GLYCEROPHOSPHATIDES 





N 





Specific activity 
of glycerophosphatides 





Isotope added (counts/min/ ug P) 
Control = + ACh 
Glycerol-1-"4C 26.6 15.5 
NaH,*PO, 257 375 
Glycerol-1-14C 34.8 21.8 
NaH,*PO, 249 334 





ACh — acetylcholine (10-* M). Eserine (1.5-:10~* M) was added with acetylcholine. too mg 
wet wt tissue incubated in 3 ml modified Kress medium III for 2 hours. 
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poration of glycerol-1-*C by about 40%. This inhibition was not found with concentra- 
tions of acetylcholine lower than 10-* M. From these data it appears that in brain 
cortex, as well as in pancreas, acetylcholine stimulates the independent turnover of 
phosphate (and presumably the base attached to it) in preformed phospholipides. The 
inhibition of the incorporation of glycerol-1-™“C by high concentrations of acetylcholine 
indicates that under these conditions acetylcholine may inhibit the synthesis of glycero- 
phosphatides whilst at the same time it stimulates the turnover of **P in the molecule. 


The incorporation of *P into the glycerophosphatides of various cell fractions of brain 
cortex slices 


It was thought that fractionation of brain cortex cells by differential centrifugation 
of slices homogenized after incubation might give some indication as to the site of action 
of acetylcholine. The stimulation in the presence of acetylcholine was approximately 
the same in all cell fractions, i.e., nuclear, mitochondrial, microsomal, and soluble 
(Table III). This suggests that acetylcholine under these conditions affects the phospho- 
lipides in more than one cell component. Admittedly, the fractions isolated are not 
homogeneous or entirely free of contamination from other fractions. But if the incorpo- 
ration of 32P into phospholipides were stimulated in only one cellular component, it is 
difficult to see how this component or fragments of this component could so distribute 
itself in the various fractions to give an approximately equal stimulation in all fractions. 


TABLE III 


EFFECT OF ACETYLCHOLINE ON THE INCORPORATION OF 32P INTO THE GLYCEROPHOSPHATIDES 
OF VARIOUS CELL FRACTIONS OF BRAIN CORTEX SLICES 











Specific activity 
of glycerophosphatides 
Fraction (counts /min/ug P) 

Control + ACh 
Whole 255 537 
R, — Nuclei 289 679 
R, — Mitochondria 184 426 
R, — Microsomes 200 500 
S -— Supernatant fluid 292 750 





ACh — acetylcholine (10-? M). Eserine (1.5-10~* M) was added with acetylcholine. Guinea pig 
brain cortex slices (330 mg wet wt) were incubated in 3 ml of modified KrEBs Medium III for 2 hours 


before fractionation. 


Effect of atropine on the incorporation of **P into the phospholipides of brain cortex slices 


We have previously shown that atropine abolishes the stimulatory effect of acetyl- 
choline on phosphate turnover in the phospholipides of pancreas slices'. As is shown in 
Table IV, atropine in one-hundredth the concentration of acetylcholine abolished the 
stimulatory effect of the latter substance on phosphate turnover in the phospholipides, 
reducing the incorporation of **P into the phospholipides about 13% below that of the 
control slices incubated without acetylcholine or eserine. 

Fig. 3 shows the effect of increasing concentrations of atropine on the incorporation 
of 32P into the phospholipides of brain cortex slices incubated in the absence of acetyl- 
choline. 10-* M atropine reduced the phosphate turnover in the phospholipides about 
15%. Although this reduction was small it was found to be statistically significant (P = 


References p. 237. 








§ 


pg P) 


Specific activity (counts/min/, 


: 


2 


234 


L. E. HOKIN, M. R. HOKIN 


VOL. 16 (1955) 


0.03). This suggests that under the conditions of our experiments the concentration of 
endogenous acetylcholine in non-eserinized tissue produces a slight stimulation of 
phosphate turnover in phospholipides. 


i 2 1 i n — 
0 7 0 105 10° 10°3 10°? 
Molar atropine concentration 








Fig. 3. Effect of atropine on the 
incorporation of **P into brain 
phospholipides. Each point repre- 
sents an average value from four 
separate experiments. Approx. 60 
mg wet wt tissue were incubated 
in 2 ml of modified KREBs Medium 
III for 3 hours. The specific activi- 
ties of ether soluble phospholipides 
were measured. 


stimulant. 


TABLE IV 


EFFECT OF ATROPINE ON THE INCORPORATION OF ®P INTO 
THE PHOSPHOLIPIDES IN THE PRESENCE OF ACETYLCHOLINE 





Specific activity 





Acetylcholine Atropine 
concentration concentration pA. pahepedee 
(Melar) (Molar) (counts /min/ug P) 
o o 234 
10-4 o 358 
10~4 10-6 204 
10-4 10-5 227 
10-4 10-4 297 
10-4 10-3 411 





Approximately 75 mg of guinea pig brain cortex slices 
were incubated in 2 mls of modified Kress Medium III for 
3 hours. Eserine (1.5-10~-* M) was added with acetylcholine. 


At higher concentrations (10~* to 10-? M) atropine 
stimulated the incorporation of *P into the phos- 
pholipides (Table IV and Fig. 3); this stimulation 
increased linearly with the logarithm of the atropine concentration. This stimulatory 
effect of atropine is of interest, since in high doses this drug is a central nervous system 


DISCUSSION 


Although it is possible that the concentration of acetylcholine attained in the tissue 
under the conditions of our experiments is considerably less than the external concen- 
tration, it is likely that the effects on phospholipides observed with the higher concen- 
trations of acetylcholine represent an exaggerated response of the tissue. In physiological 
concentrations acetylcholine probably affects a relatively small number of specific 
“receptor” phospholipide or lipoprotein molecules. A dilution of these ‘‘receptor’”’ phos- 
pholipides by the “‘non-receptor” phospholipides, which would also incorporate **P but 
which would not be responsive to physiological concentrations of acetylcholine, could 
account for the small stimulations observed with the lower concentrations of acetyl- 
choline. The fact that low concentrations of atropine reduced to some extent the incor- 
poration of **P into the phospholipides of brain cortex slices incubated in the absence 
of added acetylcholine of eserine suggests that the endogenous acetylcholine is sufficient 
to activate phosphate turnover in phospholipides. 

There is good evidence that acetylcholine is a transmitter substance at some, but 
not all, synapses of the central nervous system, including the cerebral cortex (see 
FELDBERG!’»*8 and EccLes’” for reviews; see also MACINTOSH AND OBORIN”®; BROCK, 
CooMBs AND Ecc.LeEs*!; and EccLss, Fatt AND KoKETsvu??), It has been suggested before 
that phospholipides may be concerned with neural function**:*4, possibly by regulating 
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the movements of ions**: 6,7, 28,29, Assuming that acetylcholine is a transmitter at some 
synapses in the cerebral cortex the evidence presented here would suggest that phos- 
pholipides may be concerned with its mechanism of action. As to how acetylcholine 
activates phosphate turnover in phospholipides and what function this activation might 
serve in relation to synaptic transmission, we can only speculate at the present stage 
of the work. It is quite possible that the initial reaction of acetylcholine is with a receptor 
lipoprotein, leading to a splitting or an alteration in the structure of the latter, which 
renders the phospholipide portion of the lipoprotein accessible to enzymes which catalyze 
the turnover of its phosphate. An alteration in structure of lipoproteins in the cell 
membrane could in itself increase the cation permeability of the membrane and allow 
the initial influx of sodium, which is presumably responsible for the depolarization of the 
post-synaptic cell membrane (see EccLEs!*). But if the effects of acetylcholine observed 
here are related to its physiological function the changes brought about by this sub- 
stance would not end at the cell membrane. Our finding that acetylcholine stimulates 
phosphate turnover approximately to the same extent in the phospholipides of all the 
cell fractions studied (nuclear, mitochondrial, microsomal, and soluble) suggests that 
elements within the cell, rather than the cell membrane alone, contain acetylcholine 
receptors. This view is further supported by the recent observations of BuRGEN® that 
in the neurones of the central nervous system (e.g. the anterior horn cells) true choline- 
sterase is concentrated in the cytoplasm of the cell body rather than at the cell membrane. 

The effects of acetylcholine on phospholipides within neuronal cells may be con- 
cerned with the outflow of potassium from these cells during the repolarization phase of 
the postsynaptic potential. Linc*! has shown that part of the potassium of skeletal 
muscle is non-exchangeable. STANBURY AND MuDGE* and BARTLEY AND DaviEs** have 
found that a certain amount of potassium is firmly bound to the mitochondria of liver 
and kidney cortex. Under the conditions of STANBURY AND MUDGE energy is required 
for exchange of this potassium with extra-mitochondrial potassium. By using 2,4- 
dinitrophenol these workers showed that this exchange was correlated with the esterifica- 
tion of orthophosphate into some unknown mitochondrial phosphate ester, which was 
hydrolyzed by 1 N HCl at roo° C in 40 minutes. No studies of the physical state of 
potassium within brain cortex have been carried out, but it is reasonable to assume that a 
“non-exchangeable’’*? fraction is present here as in skeletal muscle, liver and kidney 
cortex. Cephalins bind potassium and sodium (CHRISTENSEN AND HASTINGS*»). It is 
possible that cephalins and other phospholipides contained in mitochondria, as well as in 
other intracellular structures, hold potassium in an insoluble ionic complex in the same 
manner as an acidic ion exchange resin wovld bind this cation. A splitting of the phos- 
phate from the phospholipide as a result of the action of acetylcholine would liberate this 
bound potassium, which would then diffuse from the cell. The rephosphorylation of the 
phospholipide, presumably through the participation of adenosine triphosphate or some 
such energy-rich phosphate donor, would restore the binding site for potassium and 
allow its reaccumulation. 


SUMMARY 


1. The incorporation of **P into the ether soluble phospholipides of guinea pig brain cortex 
slices is increased up to three-fold in the presence of acetylcholine (with eserine). The chloroform 
soluble phospholipides and the glycerophosphatides show a lesser stimulation. The phospholipide 
content is not appreciably changed during incubation in the presence or absence of acetylcholine. 
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2. The minimum effective external concentration of acetylcholine lies between ro~* and ro~> M., 
With 2 to 3 hours incubation the specific activities of the brain phospholipides increase linearly 
with the logarithm of the external acetylcholine concentration over the range tested (10-5 M to 
10-2 M). 

3. The increased incorporation of **P into the glycerophosphatides is due to an increased 
turnover of phosphate in preformed phospholipides rather than to an increased synthesis de novo 
of phospholipides. 

4. The stimulation of phosphate turnover in glycerophosphatides in the presence of to~* M 
acetylcholine is approximately the same in the nuclear, mitochondrial, microsomal and supernatant 
fractions. 

5. Atropine, in very low concentrations (10~* M), abolishes the stimulatory effect of acetyl- 
choline (10~* M) on phosphate turnover in phospholipides, reducing the turnover about 15 % below 
the level found without acetylcholine or eserine. In higher concentrations (1o~* to 10~? M) atropine 
stimulates the incorporation of **P into the phospholipides. 

6. The possible significance of the increased phosphate turnover in phospholipides in response 


to acetylcholine is discussed. 


RESUME 


1. L’incorporation de **P dans les phospholipides éthérosolubles de coupes de cortex cérébral 
de cobaye augmente jusqu’a trois fois en présence d’acétylcholine (et d’ésérine). Les phospholipides 
solubles dans le chloroforme et les glycérophospholipides présentent une stimulation moins nette. 
La teneur en phospholipides ne varie pas sensiblement au cours de l’incubation en présence ou en 
l’absence d’acétylcholine. 

2. La concentration externe efficace minimum en acétylcholine est entre 10~* et 10-° M. Aprés 
2 a 3 heures d’incubation, les activités spécifiques des phospholipides cérébraux augmentent linéaire- 
ment en fonction du logarithme de la concentration externe en acétylcholine, dans le domaine de 
concentrations utilisé (10-5 M a 10-2 M). 

3. L’incorporation accrué de **P dans les glycérophosphatides est liée 4 un ‘‘turnover’’ plus 
rapide des phosphates dans les phospholipides préformés, plutét qu’a un accroissement de la synthése 
de novo des phospholipides. 

4. La stimulation du “‘turnover’’ des phosphates des glycérophosphatides en présence d’acétyl- 
choline 10-? M est approximativement la méme dans les fractions nucléaire, mitochondriale, micro- 
somale et surnageante. 

5. L’atropine, a trés faible concentration (10-* M), supprime l’effet stimulant de l’acétylcholine 
(10-* M) sur le ‘‘turnover’’ des phosphates des phospholides, amenant le ‘“‘turnover’’ a une valeur 
15% plus faible que celle mesurée en l’absence d’acétylcholine ou d’ésérine. A des concentrations 
plus élevées (10-4 a 10? M), l’atropine stimule l’incorporation de **P dans les phospholipides. 

6. La signification possible de l’accroissement du ‘‘turnover’’ des phosphates des phospholipides 
en présence d’acétylcholine est discutée. 


ZUSAMMENFASSUNG 


1. Der Einbau von **P in die Ather-léslichen Phospholipoide der Rindenschnitte des Meer- 
schweinchengehirns wachst auf das dreifache in Gegenwart von Acetylcholin (mit Eserin). Die 
Chloroform-léslichen Phospholipoide und die Glycerophosphatide zeigen eine geringere Beeinflussung. 
Der Phospholipoidgehalt andert sich wahrend der Inkubation in Gegenwart und Abwesenheit von 
Acetylcholin nicht merklich. 

2. Die kleinste noch wirksame Aussere Acetylcholinkonzentration liegt zwischen 1o~* und 
10-5 M. Bei 2- bis 3-stiindiger Inkubation steigen die spezifischen Aktivitaten der Gehirn-Phospho- 
lipoide linear mit dem Logarithmus der d4usseren Acetylcholinkonzentration im untersuchten Konzen- 
trationsbereich (10-5 bis 10~? M) an. 

3. Das Ansteigen des Einbaues von **P in Glycerophosphatide beruht mehr auf einem Anwachsen 
des Phosphataustausches in preformierte Phospholipoide als auf einer gesteigerten Synthese neuer 
Phospholipoide. 

4. Die Anregung des Phosphataustausches der Glycerophosphatide in Anwesenheit von 10? M 
Acetylcholin ist 4nnahernd der gleiche in der nuklearen, mitochondralen, mikrosomalen und iiber- 
stehenden Fraktion. 

5. Atropin in sehr niedriger Konzentration (10~* M) verhindert den anregenden Effekt des 
Acetylcholins (10-* M) auf den Phosphataustausch in Phospholipoiden, indem es den Phosphat- 
austausch um 15% unter den Wert erniedrigt, der ohne Acetylcholin oder Eserin gefunden wurde. 
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In héheren Konzentrationen (1to~4 bis to-* M) reizt Atropin den Einbau von **P in die Phospho- 
lipoide. 

6. Die mégliche Bedeutung des gesteigerten Phosphataustausches in den Phospholipoiden unter 
dem Einfluss von Acetylcholin wird diskutiert. 
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DISSIMILATION OF 6-PHOSPHOGLUCONATE BY 
AZOTOBACTER VINELANDII" 


by 


L. E.. MORTENSON", P. B. HAMILTON anv P. W. WILSON 


Department of Bacteriology University of Wisconsin, Madison, Wisconsin (U.S.A.) 


It has been established!.? that the product of glucose-6-phosphate dehydrogenase 
in Azotobacter is 6-phosphogluconate (6-PG) and that 6-phosphogluconolactone precedes 
the formation of 6-PG in dried yeast*. Furthermore, in yeast and Escherichia coli it 
has been found that 6-PG is oxidized to ribulose-5-phosphate by an enzyme, 6-phos- 
phogluconate dehydrogenase, specific for TPN*:°. However, all attempts to demonstrate 
the presence of this enzyme in the Azotobacter have failed. 

Using isotopic labeled glucose, ENTNER AND DOUDOROFF in 1952 established that 
6-PG is split into two three carbon fragments, pyruvate and glyceraldehyde-3-phosphate 
(G-3-P), by Pseudomonas saccharophila®. These authors, as well as KOVACHEVISCH AND 
Woop’, have proved that the intermediate in this reaction is the dehydration product 
of 6-PG, 2-keto-3-deoxy-6-phosphogluconate. One enzyme was required for this dehydra- 
tion; another required for the splitting of this product into pyruvate and G-3-P by these 
organisms. 

This paper is concerned with the demonstration of the splitting of 6-PG into pyru- 
vate and G-3-P by extracts from Azotobacter vinelandit. The results support the conclusion 
that most of the oxidation of glucose by this organism passes through these steps. 

The further metabolism of pyruvate, one of the products of 6-PG splitting, has been 
discussed previously®, but the status of the remaining product, G-3-P, has not been 
studied. STONE AND WERKMAN® reported that small amounts of phosphoglyceric acid 
accumulate in the Azotobacter during oxidation of glucose in the presence of fluoride, 
indicating that triose phosphate dehydrogenase is present. However, the direct demon- 
stration of this enzyme by the reduction of DPN (diphosphopyridine nucleotide) is not 
possible since Azotobacter extracts apparently contain alpha-glycerophosphate dehy- 
drogenase and isomerase and no net DPN reduction is observed?. Azotobacter prepara- 
tions, however, do convert 3-phosphoglyceric acid to pyruvate as will be shown in 
this paper. 

Since these preparations also contain aldolase and hexosediphosphatase, as will be 
demonstrated, it is possible that part of the G-3-P is converted to hexose phosphate and 
recycles through glucose-6-phosphate dehydrogenase and the splitting enzyme. 





“Supported in part by grants from the National Science Foundation and National Institutes 
of Health. 
** National Science Predoctorial Foundation Fellow. Present address: Chemical Department, 
Experimental Station, E. I. Du Pont de Nemours and Co., Wilmington, Delaware. 
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METHODS AND MATERIALS 


The 6-PG used in these experiments was obtained from W. A. Woop, University of Illinois; 
the F-1,6-P (fructose-1,6-diphosphate) and 3-PGA (3-phosphoglyceric acid) were obtained from 
Nutritional Biochemicals Corp. 

To demonstrate the_pregesce of the splitting and dehydrating enzymes, the following system 
was used!®: 0.5 ml extract (23.4 mg protein) from Azotobacter vinelandii O (Azotobacter agile var. 
vinelandit), 1.0 ml glycylglycine buffer at pH 7.6, 1.5 ml 6-PG solution (31 wmoles), 1.0 ml of 0.56 M 
hydrazine at pH 7.4, and 1.0 ml of 1o-? M arsenite. The hydrazine was added to trap the G-3-P 
formed and the arsenite to prevent further metabolism of pyruvate. In one experiment the hydrazine 
was omitted to determine if more pyruvate would be formed from the G-3-P through G-3-P de- 
hydrogenase, enolase, and phosphoenolkinase, or whether instead F-1,6-P or alpha-glycerophosphate 
might be formed. 

The reaction was followed by appearance of pyruvate which was determined by a method 
already described?. G-3-P was estimated by alkali lability"; by reaction with orcinol and measure- 
ment of the optical density at 440 my’; and by reaction with anthrone as will be described in the 
results. In addition any pentose formed was measured by reaction with orcinol. Standards of each 
compound were used for comparison. 

To establish the identity of the keto acid formed, the mixture after deproteinization was treated 
with 1.0 ml of 0.1 % 2,4-dinitrophenylhydrazine in 1 N HCl, and the derivative formed was extracted 
with ether. This procedure was also carried out with known pyruvate. The derivatives were then 
chromatographed on paper using three different solvent systems: (a) water saturated phenol; (b) 
water saturated butanol; and (c) 50% butanol, 10% ethanol, 40% water. All spots on the chro- 
matograms were identified by the yellow color of the derivatives, by the formation of a red color 
upon spraying with an alkali solution, and by the appearance under ultraviolet light. Although 
G-3-P formed a hydrazone, it appeared to remain water soluble and non-extractable by ether. 

Aldolase was determined using a system similar to that of SIBLY AND LEHNINGER"™. The triose 
phosphate formed was determined by alkali labile phosphate, and by reaction with anthrone. The 
concentration of the F-1,6-P remaining and triose phosphate formed, at varying times during the 
incubation, was estimated by reacting an aliquot with anthrone reagent, measuring the optical 
density of the color formed at 490 and 600 my and determining the concentrations by solution of 
simultaneous equations. 

Fructose diphosphatase was assayed by measurement of the phosphate released from F-1,6-P 
when the latter substrate was incubated with an Azotobacter preparation and Mg**. After completion 
of the reaction the products were separated on Dowex-1 resin. 

The system from 3-PGA to pyruvate (phosphoglyceromutase, enolase, and phosphoenolkinase) 
was measured by the appearance of pyruvate when 3-PGA, ADP (adenosine diphosphate), Mgtt 
and arsenite were incubated with an azotobacter extract. Arsenite was added to prevent the further 
metabolism of pyruvate. 


RESULTS 


The stoichiometry of the action of Azotobacter extracts on 6-PG is presented in 
Table I. From 31 pmoles of 6-PG, 30.5 umoles of pyruvate and 28 wmoles of G-3-P were 
formed. In addition, a small amount of pentose was produced as was reported pre- 
viously”. The RF values of the 2,4-dinitrophenylhydrazone derivatives of the product 
of 6-PG splitting, as well as those of known pyruvate, are recorded in Table II. The 
spectra of the color produced when the dephosphorylated product was reacted with 
orcinol and anthrone reagent together with the spectra of known glyceraldehyde and 
alpha-glycerophosphate are presented in Figs. 1 and 2, and agree closely with known 
glyceraldehyde, thus confirming the product as this compound. Pyruvate did not 
interfere with these reactions. Also it was found that if the hydrazine was omitted from 
the system used for measuring the splitting of 6-PG and if DPN was added, approxi- 
mately 1/3 of the G-3-P was found as would be expected on the basis of splitting. 

The spectra obtained after reacting G-6-P (glucose-6-phosphate), glyceraldehyde, 
R-5-P (ribose-5-phosphate), and a mixture of the three with anthrone is presented in 
Fig. 3. Although R-5-P gave little or no color, glyceraldehyde and G-6-P (any hexose) 
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TABLE I 


STOICHIOMETRY OF THE SPLITTING OF 6-PG (31 ymoles) BY Azotobacter vinelandii O ExTRACTS* 





G-3-P umoles 





Pyruvate™* moles -- 
Method of analysis 








Time 
PO, No PO, Anthrone a0," we Orcinol§ 
oO 0.0 0.0 O.1 0.1 0.0 
30 min 18.0 18.1 _- — — 
60 min 30.4 30.6 28.5 28.3 27.5 





* Incubation mixture as in Fig. 1; one mixture contained 100 ~moles of PO,, the other glycyl- 
glycine buffer. 
** Determined by method of K1ne"8, confirmed by chromatography (Table II). 
*** Determined by the method of LonMANN AND MEYERHOF"!, 
§ Determined by orcinol reaction against standard glyceraldehyde as in Fig. 1. 


TABLE II 


CHROMATOGRAPHY OF 2,4-DINITROPHENYLHYDRAZONE OF REACTION PRODUCTS OF 6-PG SPLITTING 











RF 
Solvent system Hydrazone Hydrazone of Hydrazone 
of pyruvate reaction products of mixture 
Water saturated phenol 0.86 0.86 0.87 
Water saturated butanol 0.30 0.30 0.29 


50 % butanol 
10% ethanol 0.53 0.53 0.52 
40% water 





* Derivatives were prepared by adding 1.0 ml of 0.1% 2,4-dinitrophenylhydrazone in 1 N HCl 
to the deproteinized mixture, allowing the hydrazones to form, and extracting with ether. The 
derivative in ether was spotted, and the separation made by the respective solvent systems. 


gave pronounced peaks at 490 and 620 my respectively. The fact that the extinction of 
hexose is at a minimum when glyceraldehyde is at a maximum and vice versa, readily 
lends itself to estimation of mixtures of these compounds by solution of simultaneous 
equation’. This is further substantiated since the absorbancies at these wavelengths, 
490 and 620 mp, when added yield as sum the absorbancy of the mixture (see Fig. 3). 
Good recovery was obtained using this method for determining concentrations of triose 
and hexose in mixtures. For example, when a mixture of 0.51 »moles of G-6-P and 
1.2 pmoles of glyceraldehyde was analyzed by solution of simultaneous equations, the 
results indicated that the solution contained 0.52 wmoles of G-6-P and 1.14 »moles 
of glyceraldehyde. 

The stoichiometry of the action of aldolase on F-1,6-P is given in Table III. Here it 
is seen that aldolase splits F-1,6-P into triose phosphate and dihydroxyacetone phos- 
phate at the rate of approximately 13 »moles split/h/46 mg extract protein. Fructose 
diphosphatase from Azotobacter hydrolyzes the + 1 phoshate from F-1,6-P at the rate of 
Ir »moles/h/46 mg extract protein, and the products of the hydrolysis of 19.4 »~moles 
of F-1,6-P were 3.0 wmoles free hexose, 14.3 moles of a mixture of G-6-P and F-6-P 
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Fig. 1. Orcinol spectrum of the products of 6-PG 
splitting. The reaction mixture contained: 0.5 ml 
extract protein (23 mg), 1.0 ml of 0.56 M hydra- 
zine at pH 7.4, 1.0 ml 10-? M arsenite, and 
1.5 ml containing 31 wmoles 6-PG. Duplicate 
mixtures were made, one containing in addition 
to the above, 100 yw moles of phosphate. Trichloro 
acetic acid was added after 60 minutes incuba- 
tion at 30°C and the ppt. protein removed. 
One tenth ml of the mixture after treatment 
with phosphatase was reacted with orcinol and 
a spectroanalysis of the color developed was 
recorded against a biank without substrate 
treated in the same manner. a-glycerophosphate 
and glyceraldehyde were included for comparison. 


Fig. 3. Comparison of the spectra of glyceralde- 
hyde, G-6-P, and R-5-P alone and mixed after 
reaction with anthrone. The mixture contained 
1.2 wmoles of glyceraldehyde, 0.51 wmoles of 
G-6-P and 1.0 wzmoles of R-5-P. The quantities 
indicated were diluted to 1.5 ml and 4.5 ml of 
anthrone reagent was added. The mixture was 
heated in a boiling water bath for 3 minutes, 
cooled by immersing in cold water and the 
spectra recorded in the Beckman spectrophoto- 
meter against a reagent blank. 
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Fig. 2. Anthrone spectrum of the products of 
6-PG splitting by extracts of Azotobacter vinelan- 
dii O. The reaction mixture and treatment were 
as in Fig. 1; 0.2 ml of the mixture after treat- 
ment with phosphatase and removal of the free 
sugars by treatment with Dowex-1 resin was 
reacted with anthrone reagent and a spectro- 
analysis of the color was made. Known glyceral- 
dehyde and a-glycerophosphate were included 
for comparison. 
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(65% to 35% respectively), and 23 wmoles of phosphate (corrected for phosphate in 
preparation). Fluoride (10-? M@) completely inhibited hexose diphosphatase from this 
organism. 

That 3-PGA in the presence of arsenite is readily converted into pyruvate by ex- 
tracts of Azotobacter is shown in Table IV. The concentration of pyruvate accumulating 
never reached that of the initial 3-PGA and, in fact, decreased after reaching a level of 
9.5 »moles. Fluoride (10-? M@) completely inhibited the production of pyruvate from 
3-PGA. The rate of conversion of 3-PGA to pyruvate was approximately 5 »moles/h/46 
mg extract protein. ' 


TABLE III 


STOICHIOMETRY OF THE SPLITTING OF F-1,6-P By Azotobacter ALDOLASE 














Triose phosphate F-1,6-P 
Time Alkali labile By anthrone By anthrone 
PO, “moles reagent jt moles reagent umoles 
o min 0.0 0.3 19.4 
30 min _ 12.8 12.9 
60 min 21.8 19.5 8.5 





Conditions: Incubation mixture contained: 19.5 wmoles of F-1,6-P, 2 ml glycylglycine buffer 
at pH 7.4, 0.56 M hydrazine, and 1.0 ml of enzyme protein (46 mg) made to a total volume of 5 ml. 


TABLE IV 


CONVERSION OF 3-PGA TO PYRUVATE BY EXTRACTS OF Azotobacter vinelandii O 





Pyruvate umoles 
Time in minutes 








Conditions ' on £5 
30 120 210 
Fluoride + PO, 0.0 0.0 0.0 
No fluoride + PO, 0.5 8.5 8.7 
No fluoride No PO, 2.4 9.5 7.2 





System contained: 10 ~moles ADP, 10-2 M Mg*+, 10-2 M fluoride when designated, 22.3 
moles of PO, when designated, AsO,~ 10-? M, 3-PGA 20 yw moles, and 1 ml enzyme protein (46 mg) 
diluted to 5 ml with 0.05 M glycylglycine buffer at pH 7.4. 


DISCUSSION 


The conversion of 31 moles of 6-PG into 30 wmoles of pyruvate and 28 pmoles 
of G-3-P by Azotobacter extracts indicates the presence of the 6-PG splitting system. 
The dehydration of 6-PG into 2-keto-3-deoxy-6-phosphogluconate before splitting 
demonstrated by MACGEE AND DouporoFF'® and KovACHEVIC AND Woop’ probably 
also occurs in this organism. Since G-6-P and 6-PG are oxidized rapidly by these 
Azotcbacter extracts with the final difference in oxygen consumption consistent with the 
one step oxidation of G-6-P to 6-PG (17), since these extracts contain high levels of 
zwischenferment (2) and the splitting system, and since phosphohexokinase and 6-PG 
dehydrogenase are not demonstrable?, it appears that all G-6-P and 6-PG are meta- 
bolized through pyruvate and G-3-P. The rate of conversion of G-6-P to 6-PG, 600 
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pmoles/h/46 mg extract protein?, and of the splitting of 6-PG, about 72 umoles split/ 
h/46 mg extract protein, is consistent with this view. 

Of the further metabolism of the products of 6-PG splitting, only pyruvate dissimila- 
tion has been investigated’. Two possible pathways for further metabolism of G-3-P 
are: (a) conversion by triose phosphate dehydrogenase, phosphoglycericmutase, enolase, 
and phosphoenolkinase to pyruvate; and (b) conversion of part of the G-3-P to dihy- 
droxyacetone phosphate, condensation of the latter compound with G-3-P by aldolase to 
yield F-1,6-P, and hydrolysis of the +1 phosphate of F-1,6-P by fructose diphosphatase 
to yield F-6-P. The F-6-P could be converted into G-6-P?, and whole system recycled 
through zwischenferment and the splitting system. 

The respective rates of conversion of G-3-P to pyruvate by system a and to F-6-P 
by system #6 are consistent with the operation of both these pathways in Azotobacter 
extracts. For example, although in the presence of hydrazine 72 uwmoles of 6-PG is 
split into 72 wmoles of G-3-P in one hour, only 55 »moles of 6-PG disappear in its 
absence. From these 55 «moles of 6-PG, 24 «moles appear as G-3-P, leaving 31 «moles 
of G-3-P to be accounted. Since the rate of conversion of G-3-P to hexose phosphate 
(G-6-P and F-6-P) by isomerase, aldolase, and fructose diphosphatase is approximately 
22 pmoles/h/46 mg extract protein (2 glyceraldehyde-3-phosphate + 1 hexose phos- 
phate + 1 phosphate) and the rate of conversion to pyruvate via enolase is approxi- 
mately 5 pmoles/h/46 mg extract protein, these systems combined could account for 
the disappearance of 27 umoles of the G-3-P formed from the splitting of 55 »moles 
of 6-PG. Therefore, of the 55 «moles of G-3-P 51 uwmoles (24 + 27) could be accounted 
for by the remaining G-3-P and that converted to pyruvate and hexose phosphate by 
systems a and B. It is likely that part of the G-3-P formed recycles through G-6-P to 
yield again G-3-P and pyruvate, the overall result being the oxidation of one molecule of 
G-3-P to pyruvate. 


SUMMARY 


A system for splitting 6-phosphogluconate to glyceraldehyde-3-phosphate and pyruvate at the 
rate of approximately 72 wmoles/h/46 mg enzyme protein has been demonstrated in extracts of 
Azotobacter vinelandii O. Part of the glyceraldehyde-3-phosphate formed appears to recycle through 
aldolase, fructose diphosphatase, and phosphohexoisomerase to G-6-P; the rest is converted into 
pyruvate through triose phosphate dehydrogenase and enolase. The ratio of conversion by these 
two pathways is limited by the level of triose phosphate dehydrogenase which is unknown in this 
organism. 

The use of simultaneous equations to determine the concentrations of trioses and hexoses in 
mixtures after reaction with anthrone reagent is proposed. Good confirmation of this method was 
obtained when it was checked with mixtures of these compounds in known concentrations. 


RESUME 


Un systéme transformant le 6-phosphogluconate en glycéraldéhyde-3-phosphate et pyruvate, 
a une vitesse d’environ 72 wmoles/h/46 mg de protéine enzymatique, a été mis en évidence dans 
des extraits d’A zotobacter vinelandii O. Une partie du glycéraldéhyde-3-phosphate formé rentre dans 
le cycle aprés transformation en G-6-P en présence d’aldolase, de fructose diphosphatase et de 
phosphohexoisomérase; le reste est transformé en pyruvate sous l’action d’une triose phosphate 
déshydrogénase et d’une énolase. L’importance relative de ces deux voies métaboliques est déterminée 
par la teneur en triose phosphate déshydrogénase, teneur inconnue chez cet organisme. 

L’emploi d’équations simultanées pour le dosage des trioses et des hexoses en mélanges, aprés 
réaction avec le réactif a l’anthrone, est proposé. La validité de la méthode a été contrdélée a l'aide 
de mélanges de compositions connues. 
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ZUSAMMENFASSUNG 


Ein System, das 6-Phosphoglukonat in Glycerinaldehyd-3-Phosphat und Pyruvat mit einer 
Spaltungsrate von 72 ~ Mol/Std. und 46 mg Enzymprotein umsetzt, wird demonstriert in Extrakten 
von Azotobacter vinelandii O. Ein Teil des gebildeten Glycerinaldehyd-3-Phosphats scheint sich 
zuriickzubilden zu 6-P-G durch Aldolase, Fruktosediphosphatase, und Phosphohexoisomerase. Der 


Mee’ ei Mbt e ££ 4aeasmase 





Rest wird in Brenztraubensdure verwandelt durch Triosephosphatdehydrogenase und Enolase. Das 
Verhaltnis der Umwandlung auf diesen beiden Wegen ist begrenzt durch den Triosephosphat- 
dehydrogenase-Gehalt, der bei diesem Organismus unbekannt ist. 

Es wird die Benutzung von Simultan-Gleichungen vorgeschlagen, um die Konzentrationen von 
Triose und Hexose in Gemischen nach Reaktion mit Anthron-Reagenz zu bestimmen. Eine gute 
Bestatigung dieser Methode wurde erhalten, bei ihrer Priifung durch Mischungen der beiden Ver- 


bindungen in bekannten Konzentrationen. 
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CHROMATOGRAPHY OF PROSTATIC PHOSPHATASE 


by 
HANS G. BOMAN 
Institute of Biochemistry, University of Uppsala, Uppsala (Sweden) 


INTRODUCTION 


Many attempts have been made to apply chromatography to proteins and enzymes, 
and in a recent review ZITTLE! gives more than 250 references. 

Up to now, it is, however, only in two types of chromatography and in a very 
limited number of cases, where it has been possible to separate proteins on columns. 
One of these types involves the use of phase systems with inorganic salt, water and 
cellosolve for partition chromatography. Since ZITTLE’s review PORTER? has in this way 
investigated the chromatographical behavior of insulin and some other proteins. 

The other type is ion-exchange chromatography which has proved successful in the 
isolation of some basic proteins (for earlier references see’). With this technique BoARD- 
MAN AND PARTRIDGE® have also been able to separate different hemoglobins and more 
recently ion-exchange resins have been utilized by JoLLES AND FRoMAGEOoT* for the 
purification of a lysozyme from rat liver and by Hirs° for a chromatographic investiga- 
tion of chymotrypsinogen. 

The present communication describes a method for chromatographic purification of 
prostatic phosphatase on ionic exchange columns using pH gradient elution. The paper 
also reports a study of some purified enzyme samples. A preliminary report has earlier 
been published® but the technique has since that time been modified in several ways. 


MATERIALS AND METHODS 


The enzyme determinations 

These were carried out with p-nitrophenyl phosphate as substrate according to Brssry e¢ al.’. 
The substrate solutions were 0.02 M in concentration and were made up from the disodium salt 
(Sigma Chemical Company) dissolved in a Sorensen’s citrate buffer of pH 5.0 or 5.9. Of this solution 
200 ul was incubated with 10 wl from the appropriate fractions for a period of 30 minutes at 37°. 
Carlsberg micro pipettes were used in pipetting. The reaction was started as well as stopped in an 
ice-bath’. After cooling 2 ml of 0.1 N NaOH was added. The amount of nitrophenol liberated was 
measured at 400 my directly in the test tubes (external diameter 1.1 cm) using a Beckman B spectro- 
photometer. A substrate solution treated as the test samples was used as a blank. One blank was 
included with each series of determinations. Only test tubes with the same blank extinction were 
used. The enzyme containing fractions were always diluted, 10-200 times in order to give a straight 
line curve for the liberation of nitrophenol for different enzyme concentrations. This dilution was 
ordinarily made with a citrate-phosphate buffer of pH 5.2 but in the case of the purest fractions 
it was necessary to stabilize the enzyme with serum albumin as found by Lonpon anp Hupson’. 
The amount of nitrophenol liberated was read off a standard curve constructed from measurements 
with pure p-nitrophenol (E. Merckx, Darmstadt). The final activities were always expressed as 
millimoles of substrate per liter of incubation mixture split during 30 minutes at 37° using the 
earlier mentioned proportions of enzyme and substrate. 


References p. 253. 





246 H. G. BOMAN VOL. 16 (1955) 


The total amount of protein material in the effluent was followed by measuring the ultraviolet 
extinction at 280 mu in a Beckman DU spectrophotometer. 

The citrate phosphate buffers used always had an extinction at 280 my of 0.01 to 0.03 and it 
has not been possible to find any citric acid or Na, HPO,:12 H,O without extinction. To some extent 
this light absorption must be due to impurities since buffer passed through a column sometimes 
but not always shows a lowered extinction. For this reason the starting buffer was used as the blank 
except in cases where the extinction had been lowered, in which buffer already passed through 
the column was employed. In spite of this arrangement the extinction curves often show some 
background absorption. 

The risk of interference from low-molecular-weight resin material has been mentioned earlier, 
This was only observed when the column was left for some weeks; the buffer standing in the column 
then had a fairly high ultraviolet extinction. As the active fractions after dialysis only showed 
decrease in extinction of about 4%, the enzyme seems to be nearly free from ultraviolet absorbing 
impurities of low molecular weight. 

The nitrogen content of both the crude extracts and the purified enzyme fractions were followed 
by Kjeldahl analysis. 


Enzyme solutions 


When human semen was used as starting material, it was diluted five times with citrate- 
phosphate buffer of pH 5.2 and then centrifuged at 2,000 g for 20 minutes in order to remove all 
the spermatozoa and large cell fragments. The pH of the supernatant fluid was checked and it was 
usually necessary to add some o.1 M citric acid in order to bring the pH down to 5.2. The adjusted 
solution of the seminal plasma was applied directly to the column. The dialysis employed earlier® 
can thus be left out if the pH is adjusted as mentioned. 

If too concentrated solutions of seminal plasma are applied directly to the column, the buffer 
will not be able to control the pH during the run. Probably by some displacement procedure, some 
alkaline compounds in the first peak will give rise to a zone of pH 5.7—5.9. At this pH the phosphatase 
is only partly adsorbed and the run will thus show two enzyme peaks, one in the beginning and the 
other when the eluting agent has reached the pH of elution. 

When prostatic tissue was used the enzyme was extracted from slices as recommended by 
LONDON AND Hupson’®. The frozen glands were cut into thin slices and left for 24 hours at 3°, in 
five times their weight of citrate-phosphate buffer of pH 5.2. After adjustment of the pH to 5.2 
the extract was centrifuged at 2000 g for 20 min and finally filtered through Pyrex glass wool. 

The enzyme solutions were always stored in the frozen state. In spite of this, precipitation 
of some inactive material often occurred after some time. Such precipitates were always removed 
by centrifugation before the solution was used. 


Chromatographic method 

The gradient elution method of chromatography was used. Its general principles have been 
outlined by Av ef al.® and the theory has recently been discussed by DrAKE!®’. The method was 
used in such a way that a higher pH buffer (in the following referred to as the elution buffer) con- 
tinuously replaced a lower pH buffer (in the following referred to as the starting buffer), thus pro- 
ducing a pH gradient in the eluting agent. 


“ei meme + 4masmase 


The shape of a gradient can be varied in several 
pH 4 ways by varying the sections of the vessels according 
to DEsREuUx", by regulating the in and out flow of 
the mixing chamber according to LAKSHMANAN AND 
LIEBERMAN”, or by baving two mixing chambers ac- 
cording to DRAKE”. 

When a closed mixing chamber is used as by ALM 
et al.® the outcoming gradient will have the shape of 
the curve ABC in Fig. 1 where the distance AB cor- 
responds to the volume between the mixing chamber 
and the end of the column. There is, however, as pointed 
out by LAKSHMANAN AND LIEBERMAN!?, sometimes a 

Volume disadvantage of having the steepest part of the gradient 

emerging almost immediately after the dead volume. 

Fig. 1. Three different types of pH This is particularly true when analysing a crude extract 
curves in gradient elution. A is the pH where there is material which passes right through the 
of the starting buffer and N that of the column as well as material that is eluted in the beginning 
elution buffer. of the gradient. In these cases the separation efficiency 

can be improved by using a pH gradient of the form 

ABD (Fig. 1). Such a curve is produced by two simple arrangements. In the first one the start of the 
gradient is delayed by eluting with the pure starting buffer until about twice the dead volume has 
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passed through the column. The second one involves the use of an open mixing chamber and a 
vessel with a conical section for the elution buffer. 

Fig. 2 shows one arrangement for work with a pH curve of the form ABD. The mixing chamber, 
F, is a piece of glasstubing 4.6 cm internal diameter and 20 cm long, witha 
rubber stopper as bottom. It has two outlets, one to the column and the A 
other to the conical vessel, G. This consists of an 500-ml Erlenmeyer flask 
(Pyrex), connected to the mixing chamber by polyvinyl tubing. The dimen- 
sions of the columns used were about 3.1 cm x 25 cm. The bottom of the 
columns was a glass filter plate (Pyrex, number 1). It is convenient to have 
a ground and greased glass stopper at the top of the column as a rubber 
stopper gets slippery and loose during the regeneration of the resin with 
the 2 N NaOH. 

For work with pH curves of the form ABC a gas washing bottle 
(Quickfit number MF 29/3) was used as mixing chamber. It had a volume 
of 315 ml but it can as well be only partly filled and in the experiment 
shown on Fig. 5 it did not contain more than roo ml (stirring was effected 
magnetically). As pointed out earlier by ALM ef al.® variations in the volume 
of the mixing chamber, here produced by only partly filling the gas washing 
bottle, will change the steepness but not the shape of the gradient. 

When using gradient elution chromatography it is desirable to have 
an adsorbent to which the gradient producing substance is not adsorbed. 
Thus work with pH gradients requires an adsorbent without buffering ca- 
pacity in the pH region of the gradient. The resin used was the sulfonated 
polystyrene ion exchanger Dowex 50 with 8 % cross-linking (200-400 mesh). 
According to BAUMAN AND EICHHORN™ the acid form of Dowex 50 is com- 
pletely titrated at pH 4.0 and the resin is thus suitable for work with pH 
gradients above this value. 
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Fig. 2. Schematic drawing of the arrangements for work with pH gradients 

of the form ABD in Fig. 1. H is the column with Dowex 50, F is the mixing 

chamber (with stirrer) and G the container for the elution buffer. When 

beginning an experiment, F is filled with the starting (pH 5.2 or 5.5) and 

G with the elution buffer (pH 6.8). During the run, continuously increasing 

amounts of elution buffer are mixed with the starting buffer, thus producing 
a pH gradient in the eluting agent. 


The commercial product must be pretreated according to MooRE AND STEIN". If this is omitted 
no phosphatase activity can be eluted. After an experiment the column may be regenerated by 
washing with 2 N NaOH which hydrolyses and removes most of the irreversibly adsorbed material 
resting on the column. The regeneration is more effective if carried out at or above room temperature. 

The rate of flow through the column is influenced by the proteins and with a fraction collector 
werking on time basis, as the one used here, the volumes of the fractions will vary. This is, however, 
not of importance as the gradient elution should not give rise to symmetrical peaks even with a 
constant volume plot. 

The rate of flow was regulated by adjusting the pressure of the eluting buffers. With a purified 
enzyme solution on the column a pressure of 30 cm water will give a rate of flow of 20-24 ml per hour. 
With the raw extracts a pressure of about 40 cm will give the same rate of flow. This high flow 
velocity does not seem to have any disadvantage and in the cases where only the first part of the 
gradient is used an experiment can thus be completed in 12-15 hours. 

All experiments described here have been run in cold room (4°). It is possible to work at room 
temperature, with or without a water-cooling jacket, but both recovery and separation efficiency 
are better if the temperature is kept low. 

An ordinary experiment is started in the following way. Of a prostatic extract of pH 5.2 
prepared as described above, 10 ml is applied to the top of the column (3.1 x 25 cm) and allowed 
to sink into the resin by its own pressure. During that time the Erlenmeyer flask (G in Fig. 2) and 
its connection to the mixing chamber are filled with the elution buffer. The tubing between F and G 
is then closed with a screw clamp. It is important that this connection does not contain any bubbles 
as these often temporarily stop the free communication between the two vessels. When the extract 
has run into the resin, the mixing chamber F, its connection to the column and the volume between 
the resin and the glass stopper are filled with the starting buffer and the first part of the elution 
is begun. While the extract is entering into the column, fractions are shifted every 30 min. When 
the elution is started, the pressure of the buffer increases the flow so that a shift of fraction every 
18 min gives volumes of around 7 ml. After about three hours the amount of starting buffer in the 
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mixing chamber is adjusted to the same height as that of the elution buffer in the flask. The gradient 
is then started by opening the connection between the two vessels (F and G). 
Choice of buffer system 

When working with pH gradients it is valvable to have a buffer system with about the same 
buffering capacity over the entire region of the gradient. Further, to get gradients of the theoretical 
form, it appears to be necessary to have exclusively the same ions in the different buffers. In the 
experiments with closed mixing chamber published earlier® acetate: was used as starting buffer and 
borate” as elution buffer. However, this always produced pH curves of the form ABE in Fig. 1 
and similar results were obtained also with acetate and phosphate buffers. A constant sodium concen- 
tration did not alter the form of the curve. 

The buffer system used throughout this investigation was the Mc Ilvaine’s citrate-phosphate 
buffer which has several advantages. It has a buffer capacity between pH 2.5 and 7.5, it only 
contains two anions and in this particular case both citrate and phosphate seem to stabilise the 
prostatic phosphatase. These effects will, however, be further discussed later in this paper. 

The stock solutions were 0.1 M citric acid and 0.2 M disodium orthophosphate. For work with 
raw extracts the starting-buffer was made from 4.64 parts citric acid and 5.36 parts phosphate 
solution giving a pH of 5.2, and for work with the purified enzyme it was made from 4.32 parts 
citric acid and 5.68 parts phosphate solution giving a pH of 5.5. The elution buffer had a pH of 6.8 
and was made from 2.27 parts citric acid and 7.73 parts phosphate solution. 


RESULTS 


Two different types of phosphatase solutions have been studied chromatographi- 
cally, raw extracts and partly purified enzyme fractions. Fig 3 shows the results from an 
experiment with seminal extracts. Here, and in the other figures the solid circles represent 
the phosphatase activities, the open circles the extinctions at 280 my, and the squares 
the pH values for the different fractions. The total amount of nitrogen applied to the 
column was 19.4 mg. When the gradient was started, the mixing chamber (here somewhat 

sinaller, internal diameter 3.8 cm) contained 130 ml 


: yo ¢*280 starting-buffer. As can be seen the enzyme is eluted 
E> 40 | 1 between pH 5.5 and 6.0 as one single peak. The 
3: a - eal les extinction values show that there is at least one 
=e - : " inactive component just beginning to separate from 
rT gst | 04 the active material. The peak coming after the en- 

oth | zyme is probably the same substance which with a 

or CE od ” borate gradient® appeared as a tail after the enzyme. 





} 2 A large part of the nitrogen stays on the resin and 
about 30% of the amount applied can be found in 


10} 
y . 04 the sodium hydroxide passed through the column 








during the regeneration. 
—— a a a Fig. 4 gives the results of an experiment with 
Fraction number a prostatic extract. As with the seminal extract, 
Fig. 3. Chromatographic experiment a zone with high extinction comes directly after the 
with seminal extract. Solid circles re- Geaq yolume. The second peak corresponds to the 
present the phosphatase activity in ; : : 
millimoles of substrate split during active material. In contrast to the results obtained 
30 minutes at 37°, open circles the with the seminal extracts, the rest of the extinction 
extinction at 280 my, and squares the . h f . 
pH values. curve varies rather much from one experiment to 
another. A possible explanation of these variations 
is the presence of some pH-labile products (compare the precipitations mentioned under 


Enzyme Solutions). 














* There is probably a slow inhibition of the prostatic phosphatase from the borate but the activity 
can be reversed by dialysing. 
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The break on the pH curve (fractions 32-45) is not regular and was probably 
produced in this particular experiment by some air bubbles in the connection between 


the flask and the mixing chamber. 

The most active fractions from the experiments 
with prostatic extracts have a specific actitivity 
on a nitrogen basis which is about 33.8 milli- 
moles split/mg N. Compared to the specific activities 
of the raw extracts, a figure which varies from one 
gland to another, this indicates a 20- to 30-fold 
purification of the enzyme. The enzyme fractions 
from the experiments with seminal extracts only 
have a specific activity of 18.6 millimoles split/ 
mg N. 

The recovery of the enzyme from experiments 
with the seminal as well as the prostatic extracts 
is usually 70 to 80%. 

The enzyme fractions from experiments like 
those just described have been reinvestigated under 
different conditions. Fig. 5 illustrates one experi- 
ment with a closed mixing chamber of 100 ml 
volume. The two most active fractions from a run 
with a seminal extract were dialysed against the 
starting buffer of pH 5.2 and then applied to the 
column. Like in the experiments with the raw ex- 
tracts the enzyme was eluted between pH 5.5 and 
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Fig. 4. Chromatographic experiment 
with prostatic extract. Solid circles 
represents the phosphatase activity 
given in millimoles of substrate split 
during 30 minutes at 37°, open circles 
the extinction at 280 my, and the 
squares the pH values. 


6.0. No other peaks were observed indicating that the peaks in Fig. 3 correspond to 
real components and are not artefacts produced by the resin or impurities in the buffers. 
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Fig. 5. Chromatography of a partially purified prostatic phosphatase obtained from an experiment 

with seminal extract. The ratio between activity and extinction increases three times between 

fractions 15 and 18 which indicates that the enzyme contains large amount of inactive material. 

Solid circles represent the phosphatase activity (millimoles of substrate split during 30 minutes at 37°), 
unfilled circles the extinction at 280 my, and squares the pH values. 
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However, the figure shows that the zone with ultraviolet extinction travels somewhat 
faster than the active material. Also the ratio between activity and extinction at 
280 my increases three times between fractions 15 and 18 (maximum activity in fraction 
16) which indicates that the enzyme contains a large amount of inactive material. — 
In this experiment 70% of the activity was recovered. 

If a starting buffer of pH 5.5 is used together with a weak pH gradient of the form 
ABD in Fig. I most of the ultraviolet absorbing material can be separated from the phos- 
phatase activity. Fig. 6 and 7 shows the results of two such experiments performed in 
the same way but with slightly different materials. In Fig. 6 the starting material was 
the dialysed enzyme fractions fiom two experiments on prostatic extracts, run at room 
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Fig. 6. Chromatography of partially purified prostatic phosphatase, obtained from experiments with 

prostatic extract. The starting buffer had a pH of 5.5 and the elution was achieved by a slow pH 

gradient. The recovery of the enzyme was 123%. Solid circles represent phosphatase activity (in 
millimoles of substrate split during 30 minutes at 37°), open circles the extinction at 280 my. 
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Fig. 7. Chromatography of purified prostatic phosphatase. The ratio between activity and extinction 

varies with less than 8% between fractions 29 and 35. Solid circles represent phosphatase activity 

(in millimoles of substrate split during 30 minutes at 37°), open circles the extinction at 280 my, 
and squares the pH values. 
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temperature on a water-cooled column (temp. in the resin 9°). As can be seen a fairly 
sharp peak of inactive material (max. extinction 0.1 in fraction 36) has separated from 
the phosphatase activity. The extinction values for the enzyme fractions are here smaller 
than the differences often found between different buffers. In this experiment the tubes 
were shifted every 6 min, which gave fraction volumes of 2.7 ml. The spreading of the 
extinction values, not found elsewhere, shows, however, that such small fractions are 
inconvenient. 

The dilutions for the activity measurements were made with buffer only. Judging 
from the following experiment and from the results of LONDON AND Hupsowy’, this 
gives activity values which are about 30% too low. In spite of this the recovery, as 
calculated from the area under the peak, is 123%. 

In another experiment a prostatic extract was fractionated with ammonium sul- 
phate’. The precipitate between 60 and 80% saturation was collected and dialysed. 
After removal of undissolved material by centrifugation it was found that the ratio 
between activity and UV-extinction had been doubled compared to the raw extract. 
The recovery was not more than about 10%. After dialysis against the starting-buffer 
of pH 5.2 the enzyme was adsorbed on a column but removed by stepwise elution (pH 
6.8) which gives a less purified but more concentrated solution than that obtained with a 
gradient. The enzyme prepared in this way was dialysed against the starting-buffer 
of pH 5.5 and re-chromatographed with a slow pH gradient of the form ABD in Fig. 1 
(when the gradient was started the mixing chamber contained 230 ml). 

The results are shown in Fig. 7. In this experiment the dilutions for the activity 
measurements were made, both with and without serum albumin-containing buffer. 
In agreement with the results of LONDON AND Hupson’® the samples diluted with only 
buffer showed a poor reproducibility (compare the activity measurements in Fig. 6 
and 7) and the activities found with only buffer were 30 to 40% lower than with buffer 
containing serum albumin. The slight abnormality on the front side of the activity 
curve caused by “‘too high” activities of fractions 24-26 may depend on the fact that 
other dilution proportions and another pipette were used for these fractions than for 
the rest of the curve. This can be expected since surface inactivation of the purified 
and unstabilized enzyme is very marked during diluting and pipetting manipulations. 

In this experiment the ratio between activity and extinction for fractions 29 to 35 
(maximum activity in fraction 32) varies with less than 8% which must be regarded to be 
within the limits of error. On the side of the peak the ratio decreases due to the fact that 
the extinction never goes down to zero. 

For the purified enzyme from this experiment the specific activity on a nitrogen 
basis was a little lower than that obtained after only one chromatographic run. If 
instead the specific activity is calculated on the basis of the extinction at 280 muy, a 
value of 470 millimoles split per unit extinction is obtained which is 60 to 70 times higher 
than for the raw extract. It is thus likely that a large part of the nitrogen in this purified 
enzyme comes from the ammonium sulphate. 

The behaviour of some other enzymes have been studied preliminary. From these 
experiments it appears that the acid phosphatases in both male and female urine can be 
purified in the same way as prostatic phosphatase. Also enolase can be chromato- 
graphed on Dowex 50 (to be published by BOMAN AND MALMSTROM). 

As a large part of the proteins present in raw extracts appears to be adsorbed on 
Dowex 50, columns can also be utilized for purification when the material to be isolated 


References p. 253. 


17 








252 H. G. BOMAN VoL. 16 (1955) 


is not adsorbed on the resin. In this way ANAGNOSTOPOULOS (personal communication) 
has reached a 3 fold purification of a partially purified acid phosphatase from white 
mustard seeds. 


DISCUSSION 


The chromatographic method. The use of a pH gradient for elution of proteins from 
an adsorbent may have some advantages compared to stepwise elution or elution at 
constant pH. The careful control of the pH and the ionic strength used by BOARDMAN 
AND PARTRIDGE? is not necessary here since the most favourable composition for elution 
will always be obtained during a gradient experiment. It is very probable that the 
best separation abilities are achieved with a constant pH, but there may be many 
natural mixtures which can be satisfactorily resolved with the more convenient gradient 
elution. Further, in those cases where it is necessary to use the maximum separation 
power of the adsorbent, the optimal conditions may be most easily found by gradient 
experiments. Also, the spreading of the zones, often known to cause trouble in chromato- 
graphy of proteins, can usually be controlled with gradients. 

The purified enzyme. In their study of the purification of prostatic phosphatase 
LONDON AND Hupson’ were able to obtain a 250-fold purification of the extract, counting 
on a nitrogen basis. Unfortunately lack of material has up to now limited the possibilities 
of obtaining larger amount of chromatographically purified enzyme. For this reason no 
figure can as yet be given for the purification on a nitrogen basis. There are also some 
difficulties in estimating the degree of purification on basis of the extinction at 280 muy. 
The 60 fold purification calculated from the experiment shown in Fig. 7 may thus in 
reality be higher if a correction was made for the background extinction of the effluent 
before and after the enzyme zone. It can only be stated that the present chromatographic 
examination as such does not show any larger amounts of impurities in the enzyme. 

Citrate has earlier been found to activate the prostatic phosphatase both in seminal 
plasma” and in partially purified prostatic extracts!*. However, the action of citrate 
is at present rather obscure. It may act as an anti-inhibitor but it may as well have 
a stabilizing and protective effect. In any case it is possible that the experiment shown 
in Fig. 6 with an enzyme recovery of 123% reflects the same phenomenon as the citric 
acid effect. 

In most cases when phosphatases are kept in phosphate solutions the activity 
(estimated without phosphate) is decreased due to the competitive inhibition. This 
effect has not been observed here with prostatic phosphatase which instead appears to 
have a higher activity and to be more stable in phosphate buffers than in acetate and 
citrate. The rate of inactivation in acetate and citrate must consequently dominate over 
the competitive inhibition by the phosphate. 
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SUMMARY 


1. A method for pH gradient elution chromatography of proteins is described. 

2. The method has been used for the chromatographic examination of the raw extracts of 
human semen and prostatic glands as well as for chromatographically purified samples of prostatic 
phosphatase. 

3. An enzyme preparation has been obtained which, judging from the chromatographic exami- 
nation does not contain large amounts of impurities. 


RESUME 


1. Une méthode de chromatographie des protéines avec élution par un gradient de pH est décrite. 

2. La méthode a servi a l’examen chromatographique d’extraits bruts de sperme et de prostate 
humains et d’échantillons, purifiés par chromatographie, de phosphatase prostatique. 

3. Les auteurs ont obtenu une préparation enzymatique qui, si l’on en juge par l’examen 
chromatographique, contient peu d’impuretés. 


ZUSAMMENFASSUNG 


1. Es wird eine Methode zur pH Gradienten-Elutions-Chromatographie von Proteinen be- 
schrieben. 

2. Die Methode wurde zur chromatographischen Priifung von Rohextrakten aus menschlichem 
Samen und der Prostata als auch von chromatographisch gereinigter Prostataphosphatase verwendet. 

3. Es wurde ein Enzympraparat erhalten, das beurteilt nach der chromatographischen Priifung 
keine grésseren Mengen an Verunreinigungen enthielt. 
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OBSERVATIONS UPON THE BEHAVIOUR OF SOME 
PHOSPHATE ESTERS IN BRAIN AT THE START OF CONVULSIONS 
INDUCED BY FLUOROCITRATE AND FLUOROACETATE 
by 


R. M. C. DAWSON anv R. A. PETERS" 
Department of Biochemistry, University of Oxford (England) 


The recent publication by PscHEIDT, BENITEZ, KIRSCHNER AND STONE? has led us 
to record some experiments made a year ago, and mentioned in lectures in Canada and 
the U.S.A. by one of us (R.A.P.) in September/October, 1953. 


EXPERIMENTAL 


Young rats were used; they were mostly litter mates for each experiment and weighed ap- 
proximately 40 g; hence their metabolism could be rapidly fixed by submersion in liquid oxygen 
as soon as convulsions appeared. After freezing, the brains were dissected from the skull while the 
tissue was still at a low temperature in order to prevent post mortem hydrolysis of the phosphate 
esters, which may take place even at o° C (ALBAUM, DruRY AND CayLeE?). Some observations were 
also made on other tissues which were dissected out of the frozen carcase. 

The inorganic P and phosphate esters present in the nervous tissue samples were estimated 
by a previously described method (DAWSON AND RICHTER’®). Inorganic phosphate in heart and kidney 
tissue was determined by the method of ENNorR AND STocKEN’*, which enables the ion to be estimated 
in the presence of phosphocreatine. 

Na fluorocitrate (synthetic), for a sample of which we are indebted to Dr. D. E. A. Rivett', 
was injected intracranially in 0.05 ml isotonic NaCl solution under ether anaesthesia. In two experi- 
ments the dose was 100 wg and in the remainder, 50 wg; the equivalent dose for enzymically-made 
fluorocitrate would be approximately half these amounts. Bearing in mind that as little as 11 pg 
of enzymic fluorocitrate has produced convulsions when injected intracranially in pigeons, in these 
small rats the amount used was presumably a large excess. Convulsions occurred in times varying 
from 16-30 minutes. 

Na Fluoroacetate was injected intraperitoneally in doses of 10 mg/kilo in a volume of 0.04 ml 
approx. ; convulsions occurred in 30 to 44 minutes. 


RESULTS 


The results for the brain tissue are given in Table I. The averages show some fall in 
Ca insoluble P,, (labile nucleotide P) and molybdate-labile P (phosphocreatine), but this 
is significant for both only in the case of fluoroacetate. With fluorocitrate the drop was 
significant only in the Ca insoluble P,,. The citric acid showed the usual increases. 

Table II gives corresponding P, and total P,, values for kidney and heart tissue. 
There is clearly no marked change. Citrate values showed the usual increases for fluoro- 
acetate. Intracerebral fluorocitrate caused no change in citric acid content in the heart, 
but an increase in the kidney, which can be interpreted as due to the passage of some of 





* Present address: Institute of Animal Physiology, Babraham Hall, Cambridge (England). 
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the fluorocitrate from the brain to the kidney tissue, with its consequent block of 
aconitase. 
TABLE I 


BRAIN. PHOSPHATE ESTER DETERMINATIONS 


Young rats, (a) control, (b) injected with intraperitoneal fluoroacetate, and (c) intracerebral with 
fluorocitrate. Killed at the start of convulsions. 














Calcium insoluble Calcium soluble 
Date we P, Py Mol. Residual Citrate Mins 
& ug/g ugg labile P P He /6 
ug/g ug/g 
(a) 1.2.53 43 205 166 115 IgI 122 —_ 
Control 24.2.53 35 123 113 gI 146 106 — 
25-2.53 40 196 138 2 161 66 — 
3-3-53 34 185 150 100 227 105 —_— 
4-3-53 34 138 — 89 204 67 aa 
10.3.53 32 166 144 86 275 100 — 
mean 169 142 95 201 94 

(b) 1.2.53 38 136 124 82 283 275 38 
Fluoroacetate 24.2.53 36 (441) 116 51 117 246 42 
Intraperitoneal 25.2.53 40 206 104 72 183 265 39 

3-3-53 34 172 133 67 208 277 38.5 
4-3-53 34 245 101 37 201 294 38.5 
10.3.53 32 175 131 65 239 212 30.5 
mean 187 118 62 205 261 

P<0.05 P< 0.0! 

(c) 1.2.53 36 155 117 97 201 286 25 
Fluorocitrate 24.2.53 35 248 103 60 185 164 16 
Intracerebral 25.2.53 40 206 120 104 171 220 22.5 

3.3.53 36 134 III 74 198 189 26 
4-3-53 36 150 117 79 205 205 26.5 
10.3.53 32 240 132 61 235 126 30 
mean 189 117 79 199 198 


P< 003 P<o.. 





In some preliminary results for acetyl choline content, which were done for us by 
Prof. BuRN on acid eserine extracts of the frozen brains by the frog rectus abdominal 
method, no marked change was found in the cerebral acetylcholine content of 3 con- 
vulsing animals as compared with controls. 


DISCUSSION 


The small but significant decreases with fluoroacetate injections in these experiments 
in the levels of phosphocreatine and labile nucleotide P in the brain are in agreement 
with PscHErpT et al.!, who only found large changes when convulsions were prolonged. 
Similar small changes were observed here with fluorocitrate in the labile nucleotide 
values. The magnitude of these changes in the labile phosphate esters does not appear 
to be nearly as great as those occurring in the cat brain during severe hypoglycaemia 
(OLSEN AND KLEIN‘) nor those in the rabbit brain during prolonged anoxia (ALBAUM, 
NOELL AND CHINN’). This suggests at first sight that the metabolic block induced by 
the fluorocitrate poisoning is insufficient to induce convulsive activity by starving the 
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TABLE II 


RATS KIDNEY AND HEART, DETERMINATIONS OF PHOSPHATE ESTER AFTER FREEZING 
(see Table I) 





Kidney Heart 











Date Wt. 
g P, Pr Citrate Py Pr Citrate 
ugle ug/g ug/g ug/g ug/g ug/g 
Control 7.3-53 34 164 181 194 244 157 122 
8.3.53 34 138 186 157 190 224 128 
I1.3.53 32 140 242 139 160 261 156 
13-3-53 33 175 190 63 255 231 low 
13.3.53 29 152 196 59 245 236 low 
mean 154 199 122 219 222 135 
Fluoroacetate 7-3-53 34 134 150 1185 183 153 566 
Intraperitoneal 8.3.53 34 166 170 1340 (297) (126) 554 
11.3.53 32 153 197 683 158 248 358 
13.3.53 29 211 224 1245 265 189 657 
13-3-53 25 133 223 955 195 160 372 
mean 159 193 1082 200 187 501 
Fluorocitrate 7-3-53 36 171 154 512 215 188 131 
Intracerebral 8.3.53 36 176 149 229 255 181 116 
II.3.53 32 209 151 686 209 221 123 
13.3.53 36 180 205 95 282 219 55 
mean 184 165 380 241 202 106 





energy requirements of the nervous tissue. It should, however, be remembered that the 
result is not decisive, because the fluorocitrate may be both synthesised and also acting 
at specific points in the tissue. In this case, big decreases in the labile phosphate esters 
in these regions would be masked by the larger quantities of esters in the whole tissue. 
It is indeed possible, if unlikely, that the energy derived from respiration may be passed 
from the phosphorylation chain to essential neurological processes, without water-soluble 
A.T.P. acting as a direct intermediary, so that changes in the A.T.P. level only represent 
passive reflections of the energy equilibrium. Nevertheless, the small changes found are 
reminiscent of work on muscle tissue and suggest that they are more concerned with re- 
establishing the normal condition of the nerve cell following neuronal discharge. There 
is a definite dilemma; the convulsive state seems to be initiated by an interference by 
fluorocitrate with metabolism at the aconitase stage of the citric acid cycle; yet there 
is no appreciable change in energy-rich phosphate esters. The question arises therefore 
whether the lowered metabolism causes a hyperexcitable state of the tissue by increased 
ammonia content as suggested by BENITEZ, PSCHEIDT AND STONE‘, or even perhaps 
by a shift in pH. 

It is interesting also that the level of labile P present in the kidney and heart after 
fluoroacetate administration also changes very little from the control value at the 
beginning of convulsive activity, although the citric content shows a relatively enormous 
increase. Here again it will have to be decided whether the large concentration of citrate 
in the kidney arises in connection with the excretory function of the kidney or whether 
the tissue’s own metabolism is active enough to cause the rise. The divergence of our 
results obtained for heart from those of Burra’, may be explained by the different 
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times of killing used, and in their magnitude by the technique used for terminating 
enzyme activity (see FAwAz AND Hawa") and by the method we use of measuring 
labile P so that this includes phosphocreatine as well as labile Aucleotide P. 


We are grateful to Mr. R. W. WAKELIN for technical help. 


SUMMARY 


1. The concentrations of some phosphate esters and citric acid in the brain, kidney and heart 
of the rat have been measured at the start of convulsions induced by fluoroacetate injected intra- 
peritoneally and fluorocitrate intracerebrally. 

2. No marked changes were observed in the levels of 10 min-labile P in these tissues, although 
there were small but significant decreases of the cerebral levels of phosphocreatine and labile nucleo- 
tide P after fluoroacetate administration. 

3. The experiments provide no evidence that the convulsive discharge in fluoroacetate poisoning 
can be initiated by a lack of water-soluble energy-rich P esters in the brain, although the possibility 
of localized depletions was not excluded. 


RESUME 


1. Les concentrations du cerveau, du rein et du coeur de rat en esters phosphoriques et en 
acide citrique ont été déterminées au début des convulsions provoquées par le fluoroacétate injecté 
dans le péritoine et le fluorocitrate injecté dans le cerveau. 

2. Aucune modification des teneurs en P labile de ces tissus n’a été observée, si ce n’est une 
diminution faible mais significative des teneurs du cerveau en phosphocréatine et en P nucléotidique 
labile aprés injection de fluoroacétate. 

3. Les expériences réalisées n’ont pu apporter la preuve que la décharge convulsive due a 
l’empoisonnement par le fluoroacétate puisse étre provoquée par un manque d’esters phosphoriques 
riches en énergie et hydrosolubles dans le cerveau, quoique la possibilité de diminutions localisées 
ne soit pas exclue. 


ZUSAMMENFASSUNG 


1. Die Konzentration einiger Phosphatester und der Zitronensdure wurde im Gehirn, in der 
Niere und im Herzen der Ratte gemessen bei Beginn von Krampfen, die durch intraperitonale 
Fluoroacetat- und durch intracerebrale Fluorocitrat-Injektion herbeigefiihrt waren. 

2. Es wurde keine deutliche Veranderung des labilen 10 Minuten Phosphatgehaltes beobachtet, 
obwohl der cerebrale Gehalt an Phosphokreatin und an labilem Nukleotid-Phosphat gering aber 
signifikant abfallt nach Anwendung von Fluoroacetat. 

3. Die Experimente geben keine Anhaltspunkte dafiir, dass die Krampfentladung bei Fluoro- 
acetat-Vergiftung durch einen Verlust der wasserléslichen energiereichen Phosphatester des Gehirns 
herbeigefiihrt werden kann, obgleich die Méglichkeit einer lokalen Erschépfung nicht ausgeschlossen 
wurde. 
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THE OXIDATION OF REDUCED XANTHINE DEHYDROGENASE 
IN CHICKEN LIVER 


by 


D. B. MORELL"* 
Institute of Medical Research, Royal North Shore Hospital of Sydney (Australia) 


The mechanisms of oxidation of reduced flavin enzymes are known with any degree 
of exactness in only a few cases. There is good evidence that cytochrome c reductases 
(or diaphorases) are linked to the cytochrome system in particles structurally organised 
with respect to the electron transferring chain. These flavin enzymes, in the crude or 
purified state, do not react at a significant rate with oxygen. Other flavin enzymes, 
however, such as D-amino acid oxidase, liver aldehyde oxidase (not requiring cozymase) 
and xanthine dehydrogenase (from milk and rat liver) react with oxygen at a significant 
rate. Of these enzymes only milk xanthine dehydrogenase has been shown! to be 
associated with cell particles. The others appear to be readily soluble and have been 
considered widely to react im vivo directly with oxygen. With xanthine dehydrogenase 
in particular, however, there has been increasing evidence that oxygen is not the direct 
hydrogen acceptor im vivo. 

It is well established? *.* that cytochrome c is reduced in the presence of xanthine 
and milk xanthine dehydrogenase preparations. MORELL‘ has shown that cytochrome c 
and oxygen are approximately equally efficient as electron receptors in the milk xanthine 
dehydrogenase system. Recently RICHERT AND WESTERFEI D5 have shown that xanthine 
dehydrogenase of chicken liver homogenates reacts only very slowly with oxygen 
compared with methylene blue. IRZYKIEWIcz (private communication) has also found 
that the xanthine dehydrogenases in homogenates of certain insect larvae (Tenebrio 
molitor, Tineola bisselliella) react with methylene blue some twenty to fifty times faster 
than with oxygen. 

BERNHEIM AND BERNHEIM® have shown that xanthine dehydrogenase in rat liver 
slices can also utilize pyruvate as acceptor. Although xanthine dehydrogenase in chicken 
liver is a readily soluble enzyme (see later) it seems clear from the findings mentioned 
above that oxygen is not the immediate electron acceptor for this enzyme in vivo. The 
purpose of the present work, therefore, has been to study the mechanism of re-oxidation 
of the reduced xanthine dehydrogenase in chicken liver slices and preparations. 


EXPERIMENTAL 


Method of measuring xanthine dehydrogenase activity 


The standard method for estimation of enzyme activity was by uric acid production in the 
presence of methylene blue as hydrogen acceptor. The oxidation of xanthine by liver slices or prepa- 





* This work was supported by a grant from the National Health and Medical Research Council 
of Australia. 
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rations in the presence of other hydrogen acceptors and hydrogen acceptor systems has been compared 
using this method for standard reference. Uric acid was measured by the slightly modified method 
of Fot1n’. Fortunately, methylene blue did not interfere in the colorimetric method of determining 
uric acid concentration because it was almost completely removed by adsorption during the pre- 
liminary tungstate deproteinization of aliquots. The specificity of the uric acid determination was 
checked in several experiments using uricase to destroy uric acid. Colour development due to com- 
pounds other than uric acid was found to be negligible. 

Determinations of xanthine dehydrogenase activity were made in 25 ml flat bottomed conical 
flasks held in a rack attached to, and shaken by, two manometer frames of a conventional Warburg 
apparatus. With this arrangement aliquots (0.1-0.2 ml) could be removed for uric acid analysis 
at any time during the experiment. For anaerobic experiments similar flasks were adapted so that 
nitrogen could be passed through them to remove oxygen. In the rubber stoppers of these flasks 
a glass tube, topped with rubber tubing which was clamped during most of the experiment, was 
used for the addition of the enzyme fraction or for the removal of aliquots. A pressure of nitrogen 
was maintained slightly greater than atmospheric during anaerobic experiments. In all experiments 
the incubation temperature was approximately 38° C, the volume of reaction medium 3.0—3.2 ml 
and the final concentration of reagents as follows: xanthine (Schwartz), 3: 10-* M; DPN (cozymase), 
5:10°-* M; methylene blue, 6.7-10-4 M; pyruvate, 2:10-* M; a-ketoglutarate, fumarate and suc- 
cinate, 3:10-* M. Pyruvic, a-ketoglutaric, fumaric and succinic acids were neutralized with dilute 
ammonia. Approximately 35 mg (dry weight) of slices and 80 mg (dry weight) of homogenates were 
used. Aliquots of the reaction media for uric acid determination were taken after 10 minutes and 
40 minutes where slices were used and at 0 minutes and 30 minutes for homogenates and supernatants. 
In experiments with methylene blue incubation periods were only 15 minutes. 

Chicken livers were obtained from a commercial slaughterhouse. Slices were cut by hand to 
a thickness of 0.40-0.45 mm the suspending medium being isotonic phosphate buffer, pH 7.4. All 
homogenates were prepared in a glass-‘“Telfon’’ homogenizer using approximately 1 g liver per 
2 ml isotonic phosphate buffer, pH 7.4. Liver supernatants were prepared from homogenates by 
centrifuging at 33,000 g for 45 minutes to remove all whole cells, nuclei, mitochondria and most 
microsomes. The partly (three-fold) purified preparation referred to in Table I was made from super- 
natant (No. 2, Table I) by ammonium sulphate fractionation. Where applied, dialysis was performed 
overnight at 4° C against 0.9 % sodium chloride or isotonic phosphate buffer, pH 7.4. 


RESULTS 


Rates of production of uric acid from xanthine for chicken liver slices and prepara- 
tions, under various conditions, are given in Tables I and II. In Table I the results are 
expressed as a percentage of the activity of the same amount of enzyme in the presence 
of 6.7-10-* M methylene blue. These results confirm the finding by RICHERT AND WEs- 
TERFELD*® that methylene blue is much more efficient as hydrogen acceptor, compared to 
oxygen, in the reaction with chicken liver xanthine dehydrogenase and xanthine, than 
when rat liver or milk xanthine dehydrogenases are the catalysts. With these mammalian 
enzymes, methylene blue (about 6-10~-4 M) increases xanthine oxidation by a factor of 
only 1.5—3.0, whereas from data in Table I this ratio is of the order of 15 to 18 for un- 
dialysed chicken liver homogenates and supernatants. For the partly purified chicken 
liver preparation this ratio rose to 83. Thus, not only does xanthine dehydrogenase of 
chicken liver react slowly with oxygen compared to the similar xanthine dehydrogenases 
of rat liver and milk, but slight purification greatly reduces this rate. 

The low autoxidizability of the chicken liver xanthine dehydrogenase and the 
anaerobic production of uric acid in slices (see Table II) and homogenates (Table I) 
suggested that oxidation of xanthine in chicken liver might be linked with the reduction 
of some other metabolite. Following the work of BERNHEIM AND BERNHEIM® in which 
pyruvate was found to stimulate xanthine oxidation in rat liver slices it was thought 
that in intact chicken liver cells, the oxidation of xanthine might be coupled with the 
reduction of such a metabolite. In fact, pyruvate, a-ketoglutarate and fumarate were 
found to cause increased production of uric acid from xanthine in aerobic and anaerobic 
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TABLE I 


OXIDATION OF XANTHINE BY PREPARATIONS FROM CHICKEN LIVER 














Preparation Conditions* Percent activity** Ratio*** 
undialysed; + — 2.2 
undialysed; + xanthine 6.4 
Homogenate 5 undialysed; + — (anaerobic) 1.7 
undialysed; + xanthine (anaerobic) 2.3 
undialysed; + xanthine 8.4 
undialysed; + xanthine + vate 10.0 1.19 
Homogenate 2 Gane: + xanthine oo 3.6 
dialysed; + xanthine + pyruvate 5-4 1.50 
dialysed; + xanthine 4-1 
dialysed; + xanthine + pyruvate 5-3 1.29 
Homogenate 3 dialysed; + xanthine + pyruvate + DPN 8.6 2.10 
dialysed; + xanthine + fumarate 5.3 1.29 
dialysed; + xanthine + DPN 7.2 
undialysed; + xanthine 5.6 
undialysed; + xanthine + vate 6 1.00 
Supernatant 1 yw eer + xanthine pe os 
dialysed; + xanthine + pyruvate 3.6 1.12 
undialysed; + xanthine 5.7 
undialysed; + xanthine + pyruvate 5-7 1.00 
Supernatant 2 dialysed; + xanthine 3.0 
dialysed; + xanthine + pyruvate 3.0 1.00 
dialysed; + xanthine + pyruvate + DPN 16.0 5-33 
P.P. Preparation | caaipaeds + xanthine 1.2 
rey ae eee + xanthine + pyruvate + DPN 6.8 5.67 
+ xanthine 11.8 
Slices + xanthine + pyruvate 19.5 1.65 
homogenate | { undialysed; + xanthine 7.6 
[undialyee: + xanthine + pyruvate 10.0 1.32 





* All experiments were aerobic unless otherwise designated. See text under EXPERIMENTAL for 
details of preparations and reactants. Brackets indicate where identical preparations were used in 
the first six experiments or that preparations in the last experiment were from the same liver. 

“ As a percentage of activity of an equal amount of enzyme in the presence of 6.7-10-* M 
methylene blue. 
*** Ratio, activity in presence of xanthine plus pyruvate efc./activity with xanthine only. 


experiments using chicken liver slices, homogenates and other preparations from chicken 
liver (see Tables I and II). Lactate (0.02 M), succinate (0.02 M) or cyanide (10-* M) 
did not affect the production of uric acid in the presence of xanthine and chicken liver 
slices. With rat liver BERNHEIM AND BERNHEIM® did not find any activation of xanthine 
dehydrogenase activity with added fumarate. 

Results given in Table I show that pyruvate and a-ketoglutarate stimulate the 
production of uric acid from xanthine in dialysed homogenates more than in undialysed 
preparations. It is also demonstrated that DPN is required for full activity. Dialysed 
supernatants catalyse very little increased uric acid production when pyruvate is added 
owing to the absence of DPN. In dialysed homogenates, however, DPN may be released 
from the form bound in the mitochondria, thus allowing some increase in uric acid 
production in the presence of pyruvate. Results for supernatants in Table I indicate that 
dialysis probably has not removed all xanthine-reducible substrates. 

In the last experiment recorded in Table I the rates of production of uric acid from 
xanthine for chicken liver slices and homogenate are compared. Slices and homogenate 
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were prepared from the same liver and the values given are based on dry weight deter- 
minations for both slices (taken at end of experiment) and homogenate. Similar results 
have been obtained in a duplicate experiment and indicate that, for a given weight of 
tissue, xanthine dehydrogenase in slices is approximately twice as active as in homo- 
genates. 


TABLE II 


EFFECT OF PYRUVATE, ad-KETOGLUTARATE, FUMARATE AND SUCCINATE ON XANTHINE OXIDATION 
BY CHICKEN LIVER SLICES 








Liver Conditions* aM ‘a ay me Ratio** 
. Aerobic + xanthine 17.6 
Aerobic + xanthine + pyruvate 37-2 2.11 
- Aerobic + xanthine — 7.6 
Aerobic + xanthine + pyruvate 10.5 1.38 
{ Aerobic + xanthine _- 10.6 1.71 
3 | Aerobic + xanthine + pyruvate 18.1 
Aerobic + xanthine = 11.3 
Anaerobic + xanthine — 6.9 
4 Anaerobic + xanthine + a-ketoglutarate 16.3 1.52 
Anaerobic + xanthine + a ipeethans 21.1 1.87 
Aerobic + xanthine 12.6 
Aerobic + xanthine + pyravate 26.8 2.13 
') Anaerobic + xanthine — 10.2 
Anaerobic + xanthine + pyruvate 27.2 2.66 
6 Aerobic + xanthine — 6.1 
Aerobic + xanthine + a-ketoglutarate II.1 1.82 
Aerobic + xanthine — 8.9 
7 Aerobic + xanthine + a-ketoglutarate 11.3 1.27 
Aerobic + xanthine = 7-4 
8 Aerobic + xanthine + a-ketoglutarate 10.5 1.42 
Aerobic + xanthine + succinate 6.4 
Aerobic + xanthine + fumarate 10.6 1.43 





“ For details of reactants see text under EXPERIMENTAL. 
** See legend Table I. 


DISCUSSION 


The increase in uric acid production by adding DPN, pyruvate, a-ketoglutarate and 
fumarate to chicken liver slices or preparations strongly suggests that xanthine de- 
hydrogenase is linked in some way to the DPNH oxidase system. BERNHEIM AND 
BERNHEIM® have previously recorded the stimulation of xanthine oxidation by added 
pyruvate in rat liver slices. They claimed, however, that a coupled oxidation-reduction 
reaction between the xanthine dehydrogenase and lactic dehydrogenase systems could 
not exist because they found that lactate did not reverse the effect of pyruvate in their 
experiments. However, the oxidation-reduction potentials of these systems are such that 
in the reaction 

xanthine + pyruvate =— uric acid and lactate 
[uric acid] x [lactate] 


the libri stant, K = —_-_--—~ —-.- = ca. 10° 
ee re (xanthine] x [pyruvate] 





for equimolar reactants. Hence, lactate would not be expected to reverse significantly 
the effect of pyruvate in such a linked dehydrogenase system. 
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In Table I DPN and pyruvate have been shown to increase xanthine oxidation not 
only in chicken liver homogenates and supernatants but also in a supernatant purified 
three-fold by ammonium sulphate fractionation. It seems, therefore, that the linked 
dehydrogenase system is not easily inactivated by treatment with solutions of high 
osmotic strength. Comparison with the supernatant (No. 2, Table I) from which this 
preparation was derived does, however, indicate about 55-60% loss of activity. This 
may, of course, be due to separation of components by fractionation. The rather large 
variations shown for Ratio in Table II in experiments with dialysed preparations also 
suggest that, in processing, the lmk between dehydrogenases in these preparations has 
been partly destroyed or inactivated. The higher activity of xanthine dehydrogenase 
in liver slices compared to homogenates also bears out this hypothesis. 

Details of the link between xanthine and lactic dehydrogenases in chicken liver 
(probably present in rat liver and possibly also in cow mammary tissue) are not yet 
known. Milk xanthine dehydrogenase preparations are known to reduce cytochrome ¢ 
in vitro*:*,4 but kinetic considerations rule out cytochrome c as a component in the direct 
link in this system because of its comparatively very high oxidation-reduction potential. 
Moreover, these experiments suggest the possibility that xanthine dehydrogenase may 
not directly reduce cytochrome c at a significant rate because the reduction of cyto- 
chrome c has only been accomplished with preparations known to contain, or probably 
containing, diaphorase (possibly DPN-cytochrome c reductase?*:%). It is also relevant to 
consideration of the mechanism of this linked dehydrogenase system that pyruvate 
increases the oxidation of xanthine in liver slices even under aerobic conditions (see 
Table II). It is suggested that the following scheme best represents the link between the 
xanthine and lactic dehydrogenases using knowledge now available 








eiiciiee lactic Page ont 
Vv < - & ° 
ee dehydrogenase 5 ate epi 
DPN < or +>cyt.c>...O, 
a-ketoglutarate glutamic 
+ NH, + dehydrogenase diaphorase + F : 
+ v 
xanthine cyt. b 


dehydrogenase | 
succinic 
xanthine dehydrogenase 


fumarate 


In this scheme the direction of the arrows shows the possible paths of electrons from 
xanthine to pyruvate, a-ketoglutarate, fumarate or to oxygen via cytochrome c. “‘F” 
represents SLATER’s factor. Cytochrome 3 is sited in this scheme according to SLATER® 
although this position is disputed by CHANCE’. 

As demonstrated in Table I a significant proportion of xanthine dehydrogenase 
linked to lactic dehydrogenase can be obtained in the supernatant which does not con- 
tain any mitochondria. It was found that virtually all (> 85%) of the xanthine dehy- 
drogenase of the tissue appears in the supernatant. It seem likely, however, from con- 
sideration of the scheme postulated above that xanthine dehydrogenase is structurally 
organized in the liver cell so that it can react with the cytochrome-bearing particulate 
fraction. This is supported by the histological experiments of BOURNE” showing the 
reducing action of xanthine dehydrogenase in rat liver to be sited at the periphery of 
certain cell particles. 


References p. 263. 





li 


Ss Qh’ ac 8G — 7D wt ee 


eg @ 


aE SS lL aS Slee 


lf 


~ 


rt; OD oo 


=O 8 = +. Ss 





voL. 16 (1955) OXIDATION OF REDUCED XANTHINE DEHYDROGENASE 263 


Oxidation of xanthine according to the scheme postulated above suggests a con- 
siderable gain in efficiency to the liver compared to the wasteful production of hydrogen 
peroxide by direct reaction of the dehydrogenase with oxygen. 

Oxidation of xanthine via the cytochromes would enable energy expended in build- 
ing up ammonia to hypoxanthine to be recaptured to a large extent in oxidative phos- ” 
phorylation reactions. This work also indicates that the function of catalase in the liver 
is not the destruction of hydrogen peroxide formed by xanthine dehydrogenase. 
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SUMMARY 


It has been shown that xanthine dehydrogenase in chicken liver slices or various preparations 
from chicken liver is linked to a lactic dehydrogenase system and that DPN is essential to this link. 
Evidence also indicates a link between xanthine dehydrogenase, glutamic dehydrogenase and 
succinic dehydrogenase. It is suggested on the evidence presented that xanthine dehydrogenase is 
linked with the DPNH oxidase system in chicken liver at, or near, DPN-cytochrome c reductase. 


RESUME 


Dans des coupes et dans diverses préparations de foie du poulet, la xanthine déshydrogénase 
est liée au systéme de la lactique déshydrogénase par l’intermédiaire du DPN. Il y a également 
une liaison entre la xanthine déshydrogénase, la glutamique déshydrogénase et la succinique dés- 
hydrogénase. Les résultats obtenus permettent de suggérer que la xanthine déshydrogénase est liée, 
dans le foie du poulet, au systéme de la DPNH-oxydase au niveau, ou prés, de la DPN-cytochrome 
c-réductase. 


ZUSAMMENFASSUNG 


Es wird gezeigt, dass die Xanthin-Dehydrogenase in Hiihnerleber-Schnitten oder -Homogenaten 
mit einem Milchsduredehydrogenase-System verbunden ist und dass DPN fiir diese Bindung not- 
wendig ist. Ein Zusammenhang zwischen Xanthin-Dehydrogenase, Glutaminsaure-Dehydrogenase 
und Bernsteinsiure-Dehydrogenase scheint ebenfalls zu bestehen. Aus den Ergebnissen wird ge- 
schlossen, dass die Xanthin-Dehydrogenase mit dem DPNH-Oxydase-System durch die DPN- 
Cytochrom-c-Reduktase oder in ihrer Nahe verbunden ist. 
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THE EFFECT OF UREA ON THE INHIBITION OF TRYPSIN 
BY SOYBEAN TRYPSIN INHIBITOR 


by 


KJELL JACOBSSON 
Laboratory of Clinical Chemistry, University of Lund, Lund (Sweden) 


In 1947 Kunitz! published a paper on the inhibition of trypsin by crystalline 
soybean trypsin inhibitor. He found the reaction between trypsin and soy inhibitor to 
be stoichiometric, irreversible, and practically instantaneous within a wide range of pH. 
These observations have since been confirmed by other research workers e.g. MCLAREN?, 

Kunitz! stated that the irreversibility of the reaction between soy inhibitor and 
trypsin is independent of the method for measuring the proteolytic activity of trypsin. 
He suggested that soy inhibitor should be used as a standard for the determination of 
trypsin activity because this inhibitor is a stable protein and because it can be obtained 
highly purified in a crystalline state. 

In a study of the trypsin-inhibiting activity of blood serum the present writer? 
checked the activity of trypsin with soy inhibitor in experiments using hemoglobin in 
urea as a substrate and found the reaction between soy inhibitor and trypsin to be 
reversible at pH 7.6. It could not be decided whether the inhibition was competitive or 
noncompetitive. The dissociation constant was, however, fairly small (2.2-10-° M 
assuming noncompetitive inhibition), and it thus seemed possible that the dissociation 
might be missed at the relatively high concentrations of trypsin and inhibitor generally 
used in studies employing casein as a substrate. 

On investigation of the reaction between trypsin and soy inhibitor in low con- 
centrations using casein as a substrate and prolonged digestion time no dissociation of 
the soy inhibitor trypsin compound was detectable. 

This suggested that urea might cause dissociation of the soy inhibitor trypsin 
complex, an assumption confirmed in experiments using as a substrate a casein solution 
containing urea. 


METHODS AND MATERIALS 


Trypsin. (Worthington Bioch., Freehold, N.J.) 2 x crystallized. 

Soybean trypsin inhibitor. (Worthington) 5 x crystallized. 

Estimation of the concentration of trypsin and inhibitor. Stock solutions of trypsin and of soybean 
trypsin inhibitor were prepared in 0.0025 N HCl, and the protein concentration was determined 
by measuring the optical density at 280 my. Kunitz! factors were used to convert optical densities 
to mg protein/ml (0.585 for trypsin and 1.10 for soy inhibitor). 

Buffer. Dilution of trypsin and inhibitor were made in a buffer containing 5.9 g of the sodium 
salt of diethylbarbituric acid, 3.9 g sodium acetate, 3H,O, and 66.7 ml 50 % calcium chloride per liter. 
The pH was adjusted to 7.6 with HCl. 
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Substrates 


A. Casein without addition of urea. 1 g casein was suspended in 100 ml of a buffer containing 
5.9 g of the sodium salt of diethylbarbituric acid, 3.9 g sodium acetate, 3H,O, and 50 g of the di- 
sodium salt of ethylenediaminetetraacetic acid per liter. The pH was adjusted to 8.6* with sodium 
hydroxide. The suspension was heated for 15 minutes in a boiling water bath thus bringing about 
solution of the casein. 

B. Casein with addition of urea. This substrate is identical with the former but for the addition 
of 40 g urea to 100 ml substrate. 


Estimation of trypsin activity 


This was done by a modified version of the casein digestion method of Kun1tz!. One ml samples 
of solutions containing varying amounts of trypsin were added to 3 ml substrate, and three hours 
later 5 ml 0.33 N trichloroacetic acid was added. After centrifugation the concentration of the split 
products in each tube was determined by measuring the optical density at 280 my of the supernatant. 
When the substrate contained urea the tubes were shaken and allowed to stand over night before 
centrifugation in order to obtain a clear supernatant. Reference curves for the determination of 
trypsin activity in the inhibition experiment were obtained by plotting E,,, for each substrate 
against micrograms of trypsin. 

Temperature. All experiments were performed at 25°C + 0.1°C. All solutions were allowed 
to stand in the water bath for 10 minutes to attain temperature equilibrium before being mixed. 


EXPERIMENTAL 


Inhibition of trypsin by soy inhibitor using casein without urea as a substrate. Varying 
amounts of soy inhibitor were added to a given amount of trypsin and all mixtures were 
made up to one and the same volume with buffer. Triplicate determinations were made 
of the trypsin activity of 1 ml samples of these mixtures. The amounts of trypsin 
inhibited were estimated by comparing the trypsin activity of samples containing known 

amounts of inhibitor and samples free of in- 


8r ne hibitor. The amounts of trypsin inhibited were 

; [ plotted against micrograms of soy inhibitor 
/ (Fig. 1). 
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Fig. 1. Irreversible inhibition of trypsin by soy- _ Fig. 2. Reversible inhibition of trypsin by soybean 

bean trypsin inhibitor. Substrate: casein without trypsin inhibitor. Substrate: casein with addition 

addition of urea. Abscissa: Micrograms soy in- of urea. Abscissa: Molar concentration of soy 

hibitor per ml enzyme inhibitor mixture. Ordi- inhibitor in digestion mixture. Ordinate: Molar 

nate: Micrograms trypsin inhibited per ml _ concentration of inhibited trypsin in digestion 

enzyme inhibitor mixture. Total amount of mixture. Total concentration of trypsin in 
of trypsin 7.8 micrograms. digestion mixture 46.6-10~* M. 





* Ethylenediaminetetraacetic acid is added in order to avoid precipitation of casein by calcium 
contained in the buffer and stabilizing the trypsin. The final pH of the digestion mixture was 7.6. 
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Inhibition of trypsin by soy inhibitor using casein containing urea as a substrate. 
But for the addition of urea and a slightly lower concentration of trypsin, this experiment 
was performed in the same way as that described above. The results are given in Fig. 2, 


RESULTS AND DISCUSSION 


Fig. 1 shows that—in the absence of urea—no dissociation of the soy inhibitor 
trypsin complex is detectable, and that I microgram of soy inhibitor inhibits 1.83 micro- 
grams of trypsin. According to KunItTz!, I microgram of soy inhibitor inhibits about 1.0 
microgram of pure trypsin. The trypsin used in the present experiment might have hada 
lower specific activity than that used by Kunitz, which might explain this discrepancy, 
This difference will, however, not impair the validity of the conclusions suggested by the 
present experiments. 

Assuming that 1 mol of trypsin reacts with I mol of soy inhibitor the hypotheti- 
cal molecular weight of trypsin in the present experiments will be 1.83 times greater 
than that of soy inhibitor. In experiments using hemoglobin substrate* a molecular 
weight of 20,600 was selected for soy inhibitor. The molecular weight of trypsin will 
then be 38.000. Using these values in the experiments with hemoglobin substrate the 
dissociation constant for the soy inhibitor trypsin complex in the presence of urea was 
found to be 2.2-10-® WM. The solid curve in Fig. 2 is based on these values for molecular 
weights and dissociation constant. The points represent the values found in the present 
experiment with casein containing urea as a substrate. It is evident that there is a good 
agreement between the theoretical and the observed values. 

Gros’, in a study of the inhibition of different proteolytic enzymes by different 
inhibitors including trypsin and soy bean inhibitor, stated that the results obtained with 
casein (without urea) and with hemoglobin (with and without urea) were essentially the 
same, but he gave no data about the experiments with hemoglobin. However, the present 
experiment clearly shows the dissociating effect of urea on the soy inhibitor trypsin 
complex. 

Anson’s® well-known hemoglobin method is rapid and accurate, but if used for 
studies on the kinetics of the inhibition of proteolytic enzymes, it should be borne in 
mind that the urea present in the substrate can make an otherwise irreversible or at 
least practically irreversible reaction reversible. 

This effect of urea is of interest e.g. in connection with the recent studies of GREEN 
AND WorkK*. They reported that the inhibition of trypsin by pancreatic trypsin inhibitor 
is reversible. As they used a modification of ANSON’s hemoglobin method and as the 
dissociation constant they gave for this complex was still less than that found in the 
present experiment with trypsin and soy inhibitor, it is still possible that the reaction 
between trypsin and pancreatic trypsin inhibitor may be irreversible in the absence 


of urea. 


SUMMARY 


The soybean inhibitor trypsin complex dissociates at pH 7.6 in the presence of urea. In experi- 
ments using a casein substrate containing urea in the same concentration as in ANSON’s hemoglobin 
method the dissociation constant was found to be about 2.2-10-* M. 
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RESUME 


Le complexe trypsine-inhibiteur du soja se dissocie 4 pH 7.6 en présence d’urée. Dans des 
expériences utilisant comme substrat de la caséine renfermant la méme concentration d’urée que 
l’hémoglobine dans la méthode d’ ANson, la constante de dissociation trouvée est d’environ2.2-10~* M. 


ZUSAMMENFASSUNG 


Der Sojabohneninhibitor- Trypsinkomplex dissoziiert bei pH 7.6 in Gegenwart von Harnstoff. 
In Experimenten, in denen Casein als Substrat verwendet wurde, das Harnstoff in den gleichen 
Konzentrationen enthielt wie bei ANSon’s Hamoglobinmethode wurde eine Dissoziationskonstante 
von etwa 2.2-10~? M gefunden. 
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ELECTRICAL ACTIVITY IN ELECTRIC TISSUE* 


I. THE DIFFERENCE BETWEEN TERTIARY AND QUATERNARY 
NITROGEN COMPOUNDS 
IN RELATION TO THEIR CHEMICAL AND ELECTRICAL ACTIVITIES 


by 


MARIO ALTAMIRANO, WALTER L. SCHLEYER, CHRISTOPHER W. COATES 
AND DAVID NACHMANSOHN 


Department of Neurology, College of Physicians and Surgeons, Columbia University, 
and the New York Zoological Society, New York (U.S.A.) 


INTRODUCTION 


Electric organs have been used since 1937 by NACHMANSOHN and his colleagues in 
studies of the chemical mechanisms underlying the generation of bioelectric potentials; 
the sequence of energy transformations has been analysed, acetylcholine has been 
integrated into the pathways of intermediary metabolism and various chemical and 
electrical events have been correlated’-*. From these and a great variety of other 
observations much evidence has accumulated supporting the view that acetylcholine 
plays an essential role in the generation of propagated electric potentials along animal 
cells. The picture which has emerged, assumes that acetylcholine is stored in an inactive 
bound form. Stimulation releases the ester which combines with a receptor protein. 
This reaction determines the complex changes in the ion permeability of the cell mem- 
brane that are generally accepted to occur during the action potential. The hydrolysis of 
acetylcholine by acetylcholinesterase permits the acetylcholine receptor to return to 
its resting condition and this initiates the recovery. The synthesis of acetylcholine is 
effected by choline acetylase in presence of other necessary constituents. Two of the 
proteins reacting with acetylcholine directly, 7.e. choline acetylase and acetylcholin- 
esterase, have been isolated and extensively studied im vitro. In contrast, our knowledge 
about the postulated receptor protein is limited to deductions made from observations on 
intact cells. 

The investigations of the molecular forces acting between the two enzyme proteins 
and acetylcholine and related compounds have revealed a considerable difference in 
their behavior towards quaternary nitrogen compounds and their tertiary analogues®:*®, 
The rate of hydrolysis and synthesis, 7. ¢. the functional activities, are strongly altered 





* This work was supported in part by research grants from the Medical Research and Development 
Board, Office of the Surgeon General, Department of the Army (Contract No. DA-49-007-MD-37), 
the United States Public Health Service, Division of Research Grants and Fellowships of the National 
Institutes of Health (Contract No. RG-1go01 (B-400)) and by the Atomic Energy Commission 
(Contract No. AT(30-1)-1503). 
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when the substrate has a fourth alkyl group, although the binding forces between the 
proteins and the small molecule are not greatly changed by the presence of that group. 
Only a limited number of interactions between a molecule, such as acetylcholine, and a 
protein are possible, none of which are strong. A strong interaction is realized only by 
the summation of relatively weak forces. The summation is a maximum when the small 
molecule has a specific structure determined by the structure of the protein site. 
Consequently all proteins which interact strongly with acetylcholine must be similarly 
constituted at the binding site. The enzymes may thus serve as models for the receptor. 
Studies with the enzymes thus suggest that the binding of various tertiary and qua- 
ternary compounds by the acetylcholine receptor should not differ very greatly but that 
the functional consequences of this binding, 7.¢. a change in electrical potential of the cell 
membrane, may be very different. 

The development of microtechniques has made possible the introduction of elec- 
trodes inside the cells, thus permitting direct measurements of the potentials across rest- 
ing and active membranes. During the last two years such methods have been applied 
to the study of the transmembrane potentials of the electroplaque of Electrophorus 
electricus’»*, One important result of these studies has been the demonstration of a 
propagated spike similar to the action potentials of nerve and striated muscles that 
can be elicited either by direct or nerve stimulation. In contrast to some axons and 
striated muscles, the active membrane of the electroplaque, as will be shown in this 
paper, is markedly affected by quaternary nitrogen derivatives. It offers, therefore, a 
favorable material for studying the difference between the action of tertiary and that of 
quaternary compounds upon the electrical potentials of the cell. 

Whereas in studies of the enzyme proteins in solution the reaction of one component 
is followed, in intact cells all the proteins are present in close vicinity. The active tertiary 
and quaternary nitrogen derivatives are structurally related to acetylcholine and 
therefore they will have affinity to both receptor and esterase. Since binding to either 
member will in theory block the propagated spike, it is essential to be able to distinguish 
between these two different causes of electrical failure. This difficulty has been overcome 
by the development of a procedure to measure the esterase activity of the intact elec- 
troplaque when failure of the propagated electrical potentials occurs. In those cases in 
which block of the electrical response was caused by combination with the receptor, the 
difference between the effects of tertiary and quaternary nitrogen derivatives upon this 
protein could be observed. The results of these investigations will be described in this 
and the following papers. It must be emphasized that this paper does not deal with 
block of the synaptic transmission, but of the propagated action potential along the cell. 
These observations will be discussed in the light of the knowledge obtained with the 
proteins of the system in solution. 


METHODS 


(a) Electrical recordings. The single layered preparation of the Organ of Sachs was dissected 
and mounted as previously described’. The Ringer’s solution had the same composition as that used 
in the previous experiments. The compounds to be studied were dissolved in this solution to give 
the desired concentration. The temperature varied between 22 and 24° C. 

The stimuli were rectangular pulses of controlled amplitude; their duration varied from 0.1 
to 0.3 msec. The direct stimulation of the cell was done by means of two stainless steel needles 
completely insulated except at the tips and placed across the studied electroplaque. The cell was 
directly excited only when the stimulating current was flowing ‘‘outwards”’ through the innervated 
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membrane. (Figs. 1 to 4). Whenever the current was going ‘‘inwards’’ (opposite polarity), the small 
nerve terminals were stimulated, thus the electroplax were excited through synaptic processes 
(Fig. 2, A, B, C, and D). However, in the majority of the experiments, whole intercostal nerve trunks 
were excited by means of small platinum wires, positioned under the nerves as described previously 
(Figs. 1, 3 and 4). 

The electrical activity was recorded by means of paired saline-filled micropipettes, of the type 
described by Linc AND GERARD®. One microelectrode was introduced inside the cell through the 
non-innervated membrane and the other was placed just outside the innervated membrane in front 
of the internal electrode. The former was inserted and withdrawn for each series of measurements. 
In experiments carried out over prolonged periods of time, where the resting potential and the 
electrical activity were determined on 20 to 60 different occasions, sometimes focal damage of the 
membrane occurred. In that case the electrodes were displaced laterally a few microns and a region 
with a normal membrane could always be reached (Fig. 4; compare C and C’ with D’). 

The cell potentials were amplified by a differential amplifier directly coupled and led to a 
cathode ray oscillograph for photographic recording. A more detailed analysis of the techniques 
will be presented elsewhere. 

(b) Chemical determinations. Freshly excised monocellular layers of electroplax of the Organ of 
Sachs were cut into segments of six laterally adjacent compartments. Six segments, physically as 
similar as obtainable, constituted a single experiment, three segments serving as control and three 
being exposed to a compound under investigation. The substrate was ethyl monochloroacetate ; its 
molar concentration in the external medium in two series of otherwise identical experiments was 
0.03 and 0.01 respectively. The inhibitors, described below, were added to the medium and tissue 
prior to their action for approximately 20 min before the measurement of enzyme activity was begun. 
The concentration of inhibitor used was that which produced block between 20 and 30 min. The 
hydrolytic activity of the tissue was determined by the usual Warburg manometric technique, at 
24° C and at pH 7.4. 


RESULTS 
I. Effects upon electrical potentials. 


The compounds selected were the salts of acetylcholine and its tertiary analogue, 
dimethylaminoethyl acetate (DMEA), carbamylcholine, decamethonium, d-tubocura- 
rine, prostigmine and its tertiary analogue referred to as tertiary prostigmine (T.P.), 
eserine, procaine and dizsopropyl fluorophosphate (DFP). 

a) Quaternary nitrogen compounds. Quaternary nitrogen compounds block the spike 
elicited directly or by nerve stimulation, but simultaneously most of them depolarize the 
membrane. A representative selection of the data is given in Table I. A more detailed 
analysis of the sequence of events that takes place will be found in a subsequent paper. 

Acetylcholine must be tested in presence of eserine, since it is rapidly hydrolyzed 
by the esterase. Without eserine the concentrations required are very high, of the order 


A 8 ¢ Fig. 1. Effect of Carbamylcholine. A, B, C, D, E and F: Stimu- 
\ [\ lation of the electroplax by the nerve. A’, B’, C’, D’ and E’: 
Direct stimulation. A,A’: Control. B,B’: 6 min after the ad- 

“ae B ie dition of 10 ug/ml of carbamylcholine to the Ringer’s solution. 
The resting potential and the spike height are already de- 

creased. The resting potential in B is greater than in B’. The 


former was measured at the beginning of a short series of 
observations and the electrode was probably coming out when 


7 mit B’ was determined. C,C’: after 18 min. D, D’: after 23 min. 
a Only post-synaptic potentials can be obtained (stimulation at 
25/sec). E, E’: after 35 min (stimulation: 25/sec). F: after 

—— 53 min. Resting potential very much decreased. In all the 
ee ee ——— figures, the straight horizontal line corresponds to zero po- 


— tential difference between the recording electrodes where both 
are just outside the electroplaque membrane. When one elec- 


0’ as anual ; ry 
| -| trode is inside the cell, the value of the resting potential is 
i _ measured by the distance between the two lines. Calibration 


for all recordings: 1000 cycles and 100 mV. 
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TABLe 1 
ACETYLCHOLINE AND RELATED COMPOUNDS WITH DEPOLARIZING ACTION 
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of r milligram per ml. Eserine itself in 500 ug per ml blocks conduction, but in a small 
concentration, 25 yg per ml, it has no inhibitory effect under the conditions of our 
experiments. With this concentration of eserine, acetylcholine in 10 ~g per ml produces 


A 8 Cc 0 


ail) 
ee a 
| a 5 Se ee 


Fig. 2. Effect of Prostigmine. A, B, C, and D: Indirect Stimulation (see methods). A’, B’, C’ and D’: 

Direct stimulation. A, A’: Control. B, B’: 1 min after the addition of 2500 ug/ml of prostigmine. The 

magnitude of the resting potential and spike are already decreased. C, C’: after 2 min: the small 

spikes illustrated were the last obtained. D, D’: after 9 min: both types of stimulation produced 
only post-synaptic potentials. Resting potential strongly reduced. 





‘ Uy 





block and rapid depolarization. With 5 ug per ml the action is slow and with 1 yg per ml 
no effect was observed within an hour. It is possible however, that with higher eserine 
concentrations lower acetylcholine concentrations are effective. Carbamylcholine is not 
split by the esterase. It can, therefore, be applied without eserine. Decamethonium and 
prostigmine were also found to depolarize the membrane. 























The only quaternary nitrogen compound among those tested which does not depo- 
larize is d-tubocurarine, but it can block the propagation of the spike (see Table II) 
carbamylcholine even in 5 x the minimal effective dose (50 ug/ml) is not able to produce 
depolarization. 
A 8 c 

TH a | ae a 
Tr v4 \ “F Ae Fig. 4. Effect of T.P. A, B, and C: Nerve stimulation. 
A’, B’, C’ and D’: Direct stimulation. A, A’: Control. 


along the membrane. After concentrations adequate to produce the latter effect, 
+ [\ 
Cc ) € B! 
A single nerve volley did not elicit a spike, thus Fig. A 





Fig. 3. Procaine. Electroplaque directly 











oe Poly A-B: control; in A largest 

local response obtained without spike. 

C to H: stimulation with increasing 

strength, 44 min after addition of 200 

ug/ml of procaine. Same resting potential 

but the action potential is not propagated. 
(see text). 
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is a multiple exposure of a repetitive stimulation at 
50/sec. B, B’: 2 min after addition of 1000 ug/ml of T.P. 
to the Ringer. The spikes illustrated in B were the last 
obtained by nerve stimulation. C, C’: 7% min after- 
wards. The propagation of the spike was blocked after 
15 min (see text). D’: after 176 min. Activity nearly 
completely blocked. Resting potential same as the 
control, in spite of the addition of 10 ug/ml of carbamyl- 
choline 124 min before. 
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In Figs. 1 and 2 the electrical recordings of carbamylcholine and prostigmine are 
shown to illustrate with two typical compounds of this series the characteristics of their 
blocking and depolarizing action. These two compounds have been selected because, as 
will be seen, their effect upon acetylcholinesterase activity is not identical. 

(b) Tertiary compounds. The tertiary amines block conduction, but in contrast to the 
quaternary ammonium salts they do not depolarize the membrane with the exception of 
DMEA. A representative selection of the data is given in Table II. By block of conduction 
is meant block of the propagation of the spike along the electroplaque. Electrical 
activity with a magnitude even as high as the normal spike can be elicited by direct 
stimulation, but is not propagated (Fig. 3 and 4). The direct demonstration of this type 
of block has been obtained by the recording of the cell potentials by means of two 
intracellular electrodes. However, the time when it appears can also be accurately 
determined in experiments carried out with only one intracellular electrode. Details of 
these results will also be given in a subsequent paper of this series. 

Like acetylcholine, its tertiary analogue requires the presence of eserine since it is 
otherwise too rapidly hydrolyzed by the esterase and produces an action only in ex- 
tremely high concentrations, 5,000 to 10,000 yg per ml. With 25 wg per ml of eserine the 
concentration required in order to obtain a comparable effect is still about 10 times as 
high as that of the quaternary analogue (see Table [). 

Procaine and eserine are known to block conduction without depolarizing the nerve 
fiber!®: "1, This is also true in the case of the electroplax, where they do not depolarize 
even when applied in high concentration. The tertiary analogue of prostigmine acts 
similarly. Small concentrations of carbamylcholine (10 pg/ml) do not produce depolariza- 
tion after the block caused by these three tertiary nitrogen derivatives. 

Figs. 3 and 4 show the similarity of the pattern of electric recordings obtained with 
procaine and the tertiary analogue of prostigmine. Here again two examples have been 
selected because of the difference in chemical action to be discussed later. 

(c) Diisopropylfluorophosphate (DF P). This compound blocks the propagation of the 
spike along the electroplaque without depolarization (Table II). It reduces the resting 
potential only if very high concentrations are used. However, the incidence of complete 
block and the beginning of depolarization are separated by a significantly long period 
of time suggesting that at least two different processes are involved. When, for instance, 
5,000 wg per ml were applied, block of propagation without depolarization occurred 
within two minutes, but only after 15 min was depolarization observed. In other 
experiments in which smaller doses of DFP were used, the addition of 10 yg of car- 
bamylcholine at the time of complete block or before produced depolarization. 


II. Effects on acetylcholinesterase activity. 


Since the size of electroplax and, still more, the size of the compartment in which 
each is situated, varies greatly throughout the organ, variations in hydrolytic activity 
among individual segments had to be minimized. Preliminary experiments showed that 
it was best to relate activity to number of electroplax used regardless of wet or dry 
weight. By electing closely similar specimens for comparison of absolute activity within 
any single experiment, it was possible to obtain an average deviation (a.d.) of from 0 to 
14% (average a.d. 7%) in a series of eleven experiments with a substrate concentration 
of 0.03 M, where each experiment involved a triplicate activity determination, as 
described above. For the same series of experiments the average values for the hydrolytic 
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activity ranged from 5.0 to 14.4 micromoles per hour, with an average value for the 
series of 11.1 micromoles per hour and an a.d. of each experiment of 21%. Similarly, in 
a series of eight experiments at a substrate concentration of 0.01 M, the averages of each 
of the eight triplicate determinations ranged from 3.5 to 8.9 micromoles hydrolyzed per 
hour. The average for the series was 6.3 micromoles per hour, and the a.d. 24%. However, 
the a.d.’s within each experiment ranged from 0 to 15% and themselves averaged again 
7% for this series. Consequently, comparison of activity in the presence of inhibitor 
and corresponding control was in each case confined within the appropriate experiment. 
Although the absolute velocities of hydrolysis varied considerably from experiment 
to experiment, the degree of inhibition, determined separately in each experiment, 
proved to be a reasonably reproducible quantity. At least two experiments (of three 
controls and three segments with inhibitor each) were performed for each inhibitor at a 
given concentration. The data of a typical inhibition assay are given in Table III. A 
summary of the results of all compounds tested together with the probable error are 
given in Table IV. It may be seen that the instances of sharply reduced enzymic 
activity are quite clearly distinguished from those of little or no inhibition. 


TABLE III 
TYPICAL ASSAY EXPERIMENT. THE HYDROLYTIC ACTIVITY OF SEGMENTS OF SIX ELECTROPLAX 
AFTER EXPOSURE TO THE TERTIARY ANALOGUE OF PROSTIGMINE 
(T.P., 500 wg per ml. Ethyl monochloroacetate, 0.03 M). 





Initial velocity of hydrolysis 
(corrected for spontaneous hydrolysis) 
(micromoles split per h) 








Controls In presence of T.P. 
12.6 1.4 
Three spec. 13.6 1.0 
10.5 1.0 
Average value 12.2+10% 11+18% 


Residual activity 


9%+2 





The validity of the correlation of electrical events with acetylcholinesterase activity 
of intact cells evidently requires an assay of, if not all, at least a major portion of the 
enzyme in each cell. 

Preliminary experiments had shown that both acetylcholine and DMEA are 
unable to serve as substrates for the assay because of their failure to reach more than 
15% of the enzyme when the cell is intact. This is in contrast to the permeability of spider 
crab nerves to DMEA. DMEA was used successfully by WILSON AND CoHEN"! to correlate 
acetylcholinesterase activity and conduction of nerve impulses in intact axons. Ethyl 
monochloroacetate appeared to be suitable as substrate. However, in the course of 
establishing this it became clear that the tissue contains another enzyme hydrolyzing 
ethyl cloroacetate, though not acetylcholine. A detailed analysis of the hydrolytic 
activity of whole electroplax toward the former substrate will be presented in the 
following paper. With respect to acetylcholinesterase the results may be summarized as 
follows: 
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1. Using ethyl chloroacetate, it becomes possible to assay about two thirds of the 
total acetylcholinesterase in the intact cell. About one-third remains unassayed in 
this method. 

2. The contribution of this enzyme to the total hydrolytic acitvity, shown in Table 
IV, is blocked more or less completely by eserine, prostigmine, T.P. and DFP at their 
critical concentration. T.P. and DFP have in addition inhibited substantial portions of 
the other enzyme, and eserine a small portion of it. Procaine, carbamylcholine and 
decamethonium have little or no effect on either enzyme at the concentrations which 
produce block of propagation. It was possible to inhibit the acetylcholinesterase activity 
with greatly increased amounts of decamethonium and procaine, but not of carbamyl- 
choline (see Table IV). 


TABLE IV 


RELATIONSHIP BETWEEN THE EFFECTS OF SOME COMPOUNDS ON THE CONDUCTING MEMBRANE 
OF ELECTROPLAX AND ON THE HYDROLYTIC ACTIVITY OF INTACT CELLS 


The electroplax were taken from the Sachs organ of Electrophorus electricus. 
All the agents used block propagation, some with and some without depolarization. Ethyl mono- 
chloroacetate was used as substrate in 0.03 and o.o1 M concentration. Segments of 6 cells were 
exposed to the compounds for about 30 min before addition of substrate from sidearm. The smallest 
concentrations employed are those which cause block of propagation in that period of time. 25° 








pH 7.6. 
Cone. % remaining Probable error 

Compound ug perm activity " 
non-depolarizing 

re 500 9 2 
Bele T1000 4 I 
Eserine 500 28 7 
Procaine 500 gI II 
Procaine 10000 51 

depolarizing 

Prostigmine 300 51 6 
Decamethonium 10 86 II 
Decamethonium 2000 60 5 
Carbamylcholine 10 99 30 
Carbamylcholine 200 70 13 
Carbamylcholine 2000 83 12 
DFP 300 10 4 





“Initial velocity of hydrolysis relative to controls. Average values at the 2 substrate concen- 
trations. 


3. The concentration of inhibitor (eserine and prostigmine were tested) required to 
inhibit more or less completely the assayable portion of the cellular acetylcholinesterase 
is considerably smaller than the concentration required to cause block of propagation or 
depolarization. 

4. Ethyl chloroacetate and eserine appear to penetrate quite readily to the assayable 
portion of the cellular enzyme. The penetration of prostigmine to this portion is ap- 
proximately 10%; that of decamethonium and carbamylcholine is small. 
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DISCUSSION 


A. The first problem was to distinguish experimentally the action upon the receptor 
from that upon the enzyme. The existence of a receptor has long been postulated by 
many investigators. An excellent discussion may be found in CLARK’s review!*. Recently 
the question has been raised whether or not the receptor and the esterase are identical 
(see e.g. ZUPANCIC}), 

An experimental distinction has now been achieved by testing the effect upon the 
electrical potentials in relation to esterase activity in the intact electroplaque. It should 
be emphasized, that the evaluation of the esterase activity in intact cells is the only 
permissible method if the enzyme activity is to be related to changes in electrical poten- 
tials in presence of reversible inhibitors. It is surprising that far-reaching conclusions 
have been drawn on the basis of experiments in which the esterase activity was evaluated 
after homogenization of the tissue!®. It has been stressed previously that only a very 
small fraction of many inhibitors may penetrate into the cell and especially to the active 
site. Homogenization without washing brings the enzyme into contact with an extremely 
large excess of inhibitor and makes the determination meaningless. On the other hand 
it is not permissible to wash out reversible inhibitors, since this process removes the 
inhibitor and restores activity. With irreversible inhibitors, for instance DFP, the use 
of homogenized tissue for assaying intracellular activity is permissible provided, 
however, that the excess of the compound can be removed by washing.This is sometimes 
possible, but is by no means always the case. 

Use of ethyl chloroacetate as the substrate made it possible to assay the major 
portion of acetylcholinesterase of intact electroplax, but still not the total activity. 
However, it seems reasonable to assume that all the compounds tested encounter the 
same penetration barrier and that none of them penetrates better to the unassayed than 
to the assayed enzyme of the electroplax. It may then be concluded that if a compound 
at the concentration causing block of electrical activity leaves the assayable enzyme 
activity virtually untouched, the unassayable enzyme will also be virtually untouched. 
Its action, therefore, cannot be attributed to the inhibition of acetylcholinesterase. On 
the other hand, if the assayable enzyme is nearly completely inhibited we are left in 
ignorance as to the degree of inhibition in the remaining one-third of the total enzyme. 

Our data show that carbamylcholine blocks propagation of the spike and depolarizes 
the membrane when the enzyme activity is very little affected or not at all. The K, of 
this compound with acetylcholinesterase is 2-10-4; in view of this relatively low 
affinity and the low concentration at which block and depolarization are produced, it 
could have been anticipated as has now been experimentally established, that the 
effect cannot be attributed to the action upon the enzyme. It has been shown previously 
with crab nerve fibers that even inhibition of 60-70% of the enzyme does not cause 
block of conduction!*. The same is true with regard to the electroplaque as may be 
deduced from experiments with eserine and prostigmine described in the following paper. 
Therefore the block obtained with carbamylcholine must be attributed to the reaction 
with another cell constituent referred to as the acetylcholine receptor. At the present 
state of our knowledge it is not possible to ascertain whether receptor and esterase are 
different proteins, but the experiments show that at least the active sites are different. 
The data obtained with decamethonium are very similar to those obtained with car- 
bamylcholine and the same considerations may be applied. 
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Procaine also blocks the propagation of the spike virtually without inhibition of 
acetylcholinesterase ; it has a low affinity to the enzyme. Therefore, this compound too 
must combine with another constituent of the membrane in order to produce such 
effect. Procaine does not depolarize the membrane, but since it antagonizes the depo- 
larizing action of carbamylcholine and since the important features of the chemical 
structure of both compounds are similar, it may be suggested that it combines com- 
petitively with the same receptor as the latter compound. 

No determinations of the enzyme activity were carried out at the incidence of block 
by acetylcholine but its chemical structure and its effect upon the electrical potentials 
are essentially similar to those of carbamylcholine. The dissociation constant of acetyl- 
choline and acetylcholinesterase (K,,,) is 4.5-10~*"*, It is true that in high concentrations 
this physiological substrate has an inhibitory effect, but the concentration required for 
50% inhibition is 3-10-* M. On the other hand, acetylcholine exerts powerful biological 
actions in extracellular concentrations of 10~’ or less (heart, frog muscle). The low 
affinity of d-tubocurarine to acetylcholinesterase is also well known. Thus the block of 
conduction produced by this compound must also be —and has usually been — attributed 
to its combination with the receptor. Moreover, d-tubocurarine antagonizes the depo- 
larizing action of acetylcholine and carbamylcholine, an effect demonstrated to be a 
competitive antagonism for the same receptor!’. The fact that the electroplaque is 
blocked only by high concentrations of d-tubocurarine, may be due to a low permeability 
of the cell membrane for this substance. There is evidence that this factor is important 
in other cells; in axons such a permeability barrier to quaternary nitrogen compounds 
has been experimentally established®: *, 

In contrast to the compounds discussed so far, eserine and T.P. block conduction 
with a concomitant inhibition of the assayable cholinesterase. The experiments here 
reported do not indicate the maximal degree of acetylcholinesterase inhibition com- 
patible with propagation of the impulse in the electroplaque, because only about two- 
thirds of the total enzyme has been assayed. The two compounds block propagation at 
a concentration in excess of that required to inhibit all the assayable fraction of acetyl- 
cholinesterase. 

Since we are left in ignorance concerning the activity of the remaining one-third 
of the enzyme it is uncertain whether block has been produced by enzyme inhibition or 
by receptor inhibition. Quite possibly conduction failure in these cases is caused by both 
mechanisms. That combination with the receptor has occurred at the time of block is 
clearly indicated by the failure of carbamylcholine to depolarize the membrane at 
this time. 

Prostigmine blocks the propagation of the spike and simultaneously depolarizes the 
membrane. The assayable acetylcholinesterase at the incidence of block is inhibited as in 
the case of eserine and T.P. Moreover, it is known from many other observations”, that 
prostigmine, in low concentrations, depolarizes rapidly in contrast to eserine. Therefore, 
the rapid depolarization of the electroplaque strongly supports the assumption of a 
primary action upon the receptor before a critically low level of acetylcholinesterase 
activity has been reached, all the more since the essential features of the structure of 
prostigmine are similar to those of acetylcholine and carbamylcholine. 

Additional evidence for the existence of two or more different sites is offered by the 
observations with DFP. This alkylphosphate has a strong inhibitory action upon acetyl- 
cholinesterase which in contrast to that of eserine and prostigmine is irreversible. DFP 
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is a competitive inhibitor reacting with the same site as acetylcholine’. The enzyme 
attacks the ester in a nucleophilic substitution reaction®®. A P-bond is broken and the 
resulting intermediary complex is a phosphorylated enzyme instead of the physiologi- 
cally acetylated enzyme. The enzyme may be reactivated only with special treatment, 
by adding nucleophilic agents which dephosphorylate the enzyme?! 22, 

At the incidence of block of propagation the assayable esterase is completely 
inhibited. There is, however, no depolarization. On addition of carbamylcholine a rapid 
depolarization occurs. It is difficult to see how this effect could be explained by action 
upon the same site. ToMAN, WooDBURY AND Woopsury!"! have described experiments 
with nerve fibers in which they obtained block by exposure to DFP without depolariza- 
tion. This agrees with the present observations. The observations show, moreover, that 
the action of DFP cannot be attributed to acetylcholine “‘poisoning’’, as is believed by 
some investigators, since the presence of an excess of acetylcholine would certainly 
produce depolarization; the irreversible action may be attributed to an inactivation of 
the esterase. 

B. We turn now to the second problem about which new information has been ob- 
tained by the data presented. The distinction between the action upon the receptor and 
that upon the esterase makes it possible to interpret the effect of tertiary and quaternary 
nitrogen compounds upon the receptor and to analyze it in the light of the observations 
on the isolated enzyme proteins of the sytem in solution. Two different types for 
response have been distinguished: the quaternary derivatives, with the exception of 
d-tubocurarine, cause depolarization; in contrast, the tertiary compounds, with excep- 
tion of DMEA, produce only block. Apparently all combine with the same receptor. This 
seems to indicate that we have to deal with two phases of action, as in the case of the 
enzyme proteins in solution; there too is a sharp distinction between binding and a 
second phase which is associated with functional activity’®. It has been pointed out 
repeatedly** that the presence of the fourth alkyl group makes the ammonium group 
chemically less reactive. Therefore, an interpretation based only upon the chemical 
reactivity of the compounds is not sufficient. Since quaternary methylated nitrogen 
groups have a tetrahedral structure, 7.e., a more or less spherical shape, it has been 
suggested that the full functional activity may require a reshaping of the protein so as to 
engulf the quaternary group*. A rearrangement of acidic or basic groups by a change in 
protein configuration may well account for the transitory change in permeability to 
sodium ions during the action potential. On the other hand, the tertiary compounds 
are bound to the protein but are not able to produce the change in configuration respon- 
sible for the permeability change. They may antagonize by competition with the binding 
of acetylcholine to the receptor and block the propagation of the impulse by this mecha- 
nism. They may inhibit the depolarizing action of the carbamylcholine in the same 
manner. 

In the case of DMEA the loss of the fourth alkyl group decreases the depolarizing 
activity, but does not abolish it. It requires a 10 times higher external concentration to 
obtain the same effect as with acetylcholine. This corresponds to the observations with 
the two proteins studied in solution. DMEA is split by acetylcholinesterase, but at 45% 
of the rate at which acetylcholine is split®. Dimethylethanolamine is acetylated by 
choline acetylase, but only at 8% of the rate at which choline is acetylated®. Conse- 
quently, in the interactions of each protein with the small molecule which resembles the 
physiologically active one very closely, it is seen that the presence of the third methyl 
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(fourth alkyl) group is a prominent factor, but not the only feature determining the 
functional activity of the compound. 

Other aspects of the chemical structure must be important. d-Tubocurarine, e.g. 
is also a quaternary nitrogen compound and does not depolarize. Besides being a very 
large molecule containing six rings, the two nitrogens are members of heterocyclic rings. 
The essentially spheric structure of the cationic portion of the molecule is thus lost. The 
difference between tertiary and quaternary compounds discussed in this paper is 
restricted to methylated nitrogen derivatives. 
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SUMMARY 


1. The resting and action potentials of isolated electroplax of Electrophorus electricus have been 
recorded by means of intracellular electrodes, and their changes by compounds reacting specifically 
with the acetylcholine system have been studied. 

2. A method has been developed which permits the assay of a major portion (about two-thirds) 
of acetylcholinesterase activity in intact electroplaques. The procedure is based upon the use of 
ethyl chloroacetate as the substrate. 

3. The combination of these two methods made possible a correlation between the effect on 
the electrical potentials and that on the enzyme activity. 

4. The compounds tested can be divided into two groups: 

i. Those which do not significantly affect the enzyme. This group comprises carbamylcholine, 
decamethonium and procaine. Acetylcholine, dimethylaminoethyl acetate and d-tubocurarine, not 
tested here in relation to esterase inhibition, are regarded as belonging to this group. 

ii. Those which depress the assayable acetylcholinesterase activity to a low level at the time 
block of propagation of the action potential along the cell occurs; eserine, DFP, prostigmine and its 
tertiary analogue belong to this group. 

5. All the quaternary compounds tested except d-tubocurarine block the spike and simultane- 
ously depolarize the electroplaque membrane. All the tertiary compounds, except dimethylamino- 
ethyl acetate, block the propagation of the spike without depolarization. 

6. DFP blocks the conduction of the spike without simultaneous depolarization. 

7. The depolarization caused by carbamylcholine is antagonized by procaine, eserine, d-tubo- 
curarine and the tertiary prostigmine analogue. 

8. It is concluded that the compounds which do not depolarize, block propagation of the action 
potential by competition with acetylcholine for the same receptor. A similar mechanism underlies 
their antagonism to carbamylcholine. These results suggest that the combination of a substance 
with the acetylcholine receptor does not necessarily cause depolarization. The latter effect is ap- 
parently determined by a special change of the receptor attending the binding of a specific chemical 
structure, in which one important characteristic seems to be the presence of a methylated quaternary 
nitrogen group. 

g. The results are discussed in connection with previous observations with the enzyme proteins 
of the system in solution. 


RESUME 


1. Les potentiels de repos et d’action de l’électroplaque isolée d’Electrophorus electricus ont été 
enregistrés au moyen d’électrodes intracellulaires, et leurs modifications, sous l’influence de composés 
réagissant spécifiquement avec le systéme de l’acétylcholine, ont été étudiées. 
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2. Une méthode permettant le dosage d’une fraction importante (environ les deux tiers) de 
l’acétylcholinesterase dans les électroplaques intactes a été mise au point. Elle est fondée sur l’emploi 
du chloroacétate d’éthyle comme substrat. 

3. L’utilisation conjuguée de ces deux méthodes a permis d’établir les relations entre les 
variations des potentiels électriques et celles de l’activité de l’enzyme. 

4. Les substances essayées peuvent se répartir en deux catégories: 

i. Celles qui n’affectent pas sensiblement l’enzyme. Ce groupe comprend la carbamylcholine, 
le décaméthonium et la procaine. L’acétylcholine, l’acétate de diméthylaminoéthyle et la d-tubo 
curarine, dont l’action sur l’inhibition de l’estérase n’a pas été testée ici, sont considérées comme 
appartenant a ce groupe. 

ii. Celles qui diminuent fortement l’activité acétylcholinestérasique dosable au moment oi le 
blocage de la propagation du potentiel d’action le long de la cellule a lieu; |’ésérine, le DFP, la 
prostigmine et son analogue tertiaire font partie de ce groupe. 

5. Tous les composés quaternaires essayés, a l'exception de la d-tubocurarine, bloquent la 
propagation du potentiel d’action et en méme temps dépolarisent la membrane de |’électroplaque. 
Tous les composés tertiaires, a l'exception de l’acétate de diméthylaminoéthyle bloquent la propa- 
gation sans dépolarisation. 

6. Le DFP bloque la conduction de l’onde sans dépolarisation simultanée. 

7. La dépolarisation provoquée par la carbamylcholine est supprimée par la procaine, l’ésérine, 
la d-tubocurarine et l’analogue tertiaire de la prostigmine. 

8. On peut en conclure que les corps qui ne provoquent pas de dépolarisation, bloquent la propa- 
gation du potentiel d’action en entrant en compétition avec l’acétylcholine pour un méme récepteur. 
Un mécanisme analogue est a la base de leur antagonisme avec la carbamylcholine. Ces résultats 
suggérent que la combinaison d’une substance avec le récepteur de l’acétylcholine ne provoque pas 
nécessairement une dépolarisation. Ceci serait du a une modification particuliére du récepteur liée 
4 la fixation d’une structure chimique spécifique, dont un élément caractéristique important semble 
étre la présence d’un azote quaternaire méthyle. 

9g. Les résultats sont discutés par référence a des observations antérieures portant sur les 
enzymes du systéme en solution. 


ZUSAMMENFASSUNG 


1. Die Ruhe- und Aktionspotentiale von isolierten elektrischen Zellen (electroplax) des elek- 
trischen Aals Electrophorus electricus wurden mit intrazellularen Elektroden registriert und ihre Ver- 
anderungen durch Verbindungen, die spezifisch mit dem Azetylcholinsystem reagieren, untersucht. 

2. Es wurde eine Methode entwickelt, die die Bestimmung des grésseren Anteils (ungefahr 
zweidrittel) der Azetylcholinesteraseaktivitat in den intakten elektrischen Zellen gestattet. Das 
Verfahren beruht auf der Verwendung von Athylchloracetat als Substrat. 

3. Die Kombination dieser beiden Methoden macht es mdglich, eine Beziehung zwischen der 
Wirkung auf die elektrischen Potentiale und auf die Fermentaktivitat herzustellen. 

4. Die untersuchten Verbindungen kénnen in zwei Gruppen unterteilt werden: 

i. Solche, die das Enzym nicht wesentlich beeinflussen. Diese Gruppe umfasst Carbamylcholin, 
Dekamethonium, und Procain. Acetylcholin, Dimethylaminoathylacetat und d-Tubocurarin wurden 
in ihrer Beziehung zur Esterasehemmung nicht gepriift. Es wird angenommen, dass sie zu dieser 
Gruppe gehoren. 

ii. Solche, die die bestimmbare Azetylcholinesteraseaktivitat stark senken, wobei gleichzeitig 
die Ausbreitung des Aktionspotientials entlang der Zelle blockiert wird. Eserin, DFP, Prostigmin 


-und sein tertiare Analog gehéren zu dieser Gruppe. 


5. Alle gepriiften quaternaren Verbindungen mit Ausnahme von d-Tubocurarin blockieren den 
Aktionsstrom und depolarisieren gleichzeitig die Membran der elektrischen Zelle. Alle tertidren 
Verbindungen, mit Ausnahme von Dimethylaminodthylacetat, blockieren die Fortleitung des 
Aktionsstromes ohne Depolarisation. 

6. DFP blockiert die Leitung des Aktionsstromes ohne gleichzeitige Depolarisation. 

7. Procain, Eserin, d-Tubocurarin und das tertiare Prostigminanalog wirken antagonistisch auf 
die durch Carbamylcholin verursachte Depolarisation. 

8. Es wird geschlossen, dass die Verbindungen, die nicht depolarisieren, die Ausbreitung des 
Aktionsstromes blockieren, da sie mit Azetylcholin um den gleichen Receptor konkurrieren. Einem 
ahnlichen Mechanismus unterliegt ihr Antagonismus zu Carbamylcholin. Diese Ergebnisse lassen 
vermuten, dass die Bindung einer Substanz an den Azetylcholinrezeptor nicht notwendigerweise 
eine Depolarisation hervorruft. Letzterer Effekt ist offenbar bestimmt durch eine besondere Ver- 
anderung des Receptors, die die Bindung einer spezifischen chemischen Struktur, deren wichtigstes 
Merkmal die Anwesenheit einer methylierten quaternaren N-Gruppe ist, begleitet. 

9g. Die Ergebnisse werden im Zusammenhang mit den friiheren Beobachtungen an den Ferment- 
systemen in Lésung diskutiert. 
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Short Communications and Preliminary Notes 








Phenyl thiohydantoins in amino acid analysis 


In earlier papers!:*.% from this and other laboratories, partition chromatographic methods have 
been described for the identification of the various 3-phenyl-2-thiohydantoins obtained in the stepwise 
degradation of peptides‘. The satisfactory chromatographic separation of the hydantoins and their 
strong absorption in the ultraviolet region in conjunction seemed to us to offer a simple way of 
determining quantitatively the composition of complex amino acid mixtures. The phenyl thio- 
hydantoins of natural amino acids show closely similar light absorption curves, with a sharp peak 
at 269 mu (ey ~ 17,000). Automatic registration of the ultraviolet absorption at 269 my in the 
effluent from a chromatographic column would immediately give the composition of the mixture 
and this at the expense of extremely small amounts of material. 

One necessary precondition was fulfilled in that a quantitative yield could be secured in the 
synthesis of the phenyl thiohydantoins (PTH) derivatives from extremely dilute solutions of the 
amino acids. The phenyl thiocarbamyl (PTC) amino acids were synthesized in aqueous acetone- 
sodium bicarbonate and the ring closure to the PTH-derivatives was then brought about in acetic 
acid-hydrogen chloride®. Our procedure makes it possible to obtain a quantitative yield from 10-20 yg 
of each amino acid. 

For the partition chromatography, Hyflo Super-Cel was used as inert support® and heptane- 
amyl acetate or heptane-ethylene chloride served as moving phases and aqueous formic acid as 
stationary phase. The effluent from the column was led through a spectrophotometer absorption 
cell provided with quartz windows. A modulated light beam of 269 my from a Beckman Spectro- 
photometer Model DU was passed through the absorption cell to a photocell, the output of which 
was amplified and recorded against time on a Leeds and Northrup Speedomax recorder. Provisions 
were made to compensate for the drift of the hydrogen discharge lamp. 

The record of a typical separation is presented in Fig. 1. 

A more detailed report will appear later in this journal. 
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Fig. 1. Recorded transmission from a chromatography of PTH-leucine (A), PTH-valine (B), PTH- 
phenylalanine (C), PTH-proline (D), and PTH-methionine (E) in heptane-amyl acetate-formic acid 
(90%) (14:3:1). Mixture of 172.0 wg amino acids. 
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Effect of 2:4-dinitrophenol and phenylmercuric acetate 
on enzymic activity of myosin 


The mechanism whereby DPN* uncouples phosphorylation from oxidation and accelerates 
ATPase activity in mitochondria is unknown. After WesBsTEerR! had noticed that DNP, in rather 
high concentrations, increased the ATPase activity of myosin, we began to investigate this effect 
in the hope that ultimately light might be thrown on the interaction of DNP with an enzyme system. 
Some preliminary observations are given here. 

Thrice precipitated L-myosin and four times precipitated actomyosin were prepared? * from 
rabbit skeletal muscle. Myosin ATPase activity was usually measured by incubating the enzyme 
(0.08-o0.15 mg protein/ml) for 5 min at 25°, with 0.065 M glyoxaline pH 7.0, 0.1 M KCl, 0.01 M CaCl, 
and 1-—2-10-* M ATP. The reaction was started by addition of the myosin. The acceleration by DNP 
was 101% (5-10-* M), 93% (3-10-* M), 76% (2:10-* M), 59% (1.5:10-* M), 32% (7.5:10~* M), 
15% (3:10-* M) and 1% (3-10~* M). 

Experiments with heavy metals and heavy metal combining agents gave no indication that 
DNP acts by removing inhibitory heavy metal ions. Measurements of the absorption between 230 
and 280 mu of DNP and ATP separately and together in presence of Ca++ gave no evidence of 
combination between DNP and the substrate. 

As two SH-combining reagents, -chloro- 12r- 










mercuribenzoate (LARDY AND WELLMAN‘) and PMA® > ex 

(CHAPPELL‘), prevent the stimulation of mitochon- E yok Yue 

drial ATPase by DNP, we have, at Dr. CHAPPELL’s = 

suggestion, studied the effect of PMA on myosin 5 [fF 

ATPase (Fig. 1). In absence of DNP, PMA inlow = Sag 

concentrations (5-10~’? to 4-10-* M) was acceler- e 

atory, in higher concentrations inhibitory. The @ %----*-\------------------ 
acceleration by PMA became progressively greater 225 

with increasing KCl concentration. LARDY AND 93 /L 

WELLMAN® state that o-iodosobenzoate accelerated > 04h \ 

the ATPase of aged rat liver mitochondria, but a \ 

CHAPPELL’ found no acceleration by PMA with 5 [fF 

pigeon breast muscle mitochondria. Fig. 1 shows that S02 4 

PMA counteracts the acceleration by DNP. Indeed, gq | oe 

whereas DNP (2-10-3M) and PMA (4-:10°*°M) & es Q 
were each acceleratory, when added together they - ant we a pee vie D 





caused a marked inhibition. With PMA in slightly PMA Concentration (uM) 
inhibitory concentration, no concentration of DNP j 
was found at which acceleration occurred. Fig. 1. Effect of DNP and PMA on ATPase 

CHAPPELL® found that ITPase activity of activity of L-myosin. Protein, 0.1 mg/ml; 
muscle mitochondria was unaffected by DNP in low ATP, 2: 10-8 M. For other conditions see text. 
concentrations (cf. ref.*); higher concentrations —O— Without DNP;—x— 2-10-*M DNP. 
inhibited. The breakdown by myosin of ITP, more 
rapid than that of ATP under our conditions (cf. KLEINZELLER’) was unaffected by DNP up to 
2-10-5 M; above this there was inhibition, rising to 70% at 2-10-* M. No acceleration by PMA 
was observed, inhibition becoming progressively greater with increasing concentrations above 1o~7 M. 

The small residual activity of myosin ATPase in absence of added Ca++ was slightly inhibited 
by 2-10-* M DNP. As the Ca** concentration was lowered from the optimal, the percentage acceler- 
ation by 2-10-* M DNP progressively fell to zero. On the other hand, as the activity in presence 
of Ca++ was decreased by addition of increasing amounts of Mg++ (which competes with the Cat+) 
the percentage acceleration by 2-10-* M DNP progressively increased. 

With actomyosin at low ionic strength (J) no activation by DNP was observed; but at high / 
(when the behaviour of actomyosin ATPase shows resemblances to that of myosin ATPase®) activation 
was obtained (Table I). With actomyosin (0.045 mg/ml) at low ionic strength (below 0.05), activated 
by Mgt+ (3-10-* M) or Ca++ (5-10-% M), PMA was inhibitory above 6-10~-? M, and lower concen- 
trations failed to accelerate. Addition of DNP (2-10-* M) somewhat increased this inhibition. At 
I = 0.3, with Ca** activation as above, PMA accelerated between 2-10~? M and 2-10~-* M; in higher 
concentrations it was inhibitory. When DNP (4-10-* M) was added, results similar to those with 
myosin (Fig. 1) were obtained. 

Similar effects of DNP on myosin and actomyosin ATPase are reported by Drs. J. B. CHAPPELL 
AND S. V. Perry in an accompanying communication”. 





* Abbreviations: DNP, 2:4-dinitrophenol; ATP, adenosinetriphosphate; PMA, phenylmercuric 
acetate; ITP, inosinetriphosphate. 
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TABLE I 
EFFECT OF DNP ON actomyosIN ATPASE AT VARIOUS IONIC STRENGTHS 

aT Activity without Se 

No. I DNP pmol P/mg — by 
protein/min 

I 0.050 0.88 —9 
2 0.068 0.98 —z2 
3 0.088 1.00 +9 
4 0.150 1.03 + 23 
5 0.300 0.60 +112 





In No. 1: Actomyosin, 0.045 mg protein/ml; KCl, 0.011 M; CaCl,, 5-10-* M; K-ATP, 10-3 M; 
glyoxaline-Cl pH 7.0, 0.0163 M; K-DNP, 4:10-* M (or equivalent KCl). In Nos. 2-5, J was raised 
by further addition of KCl. 5 min, 25°. Activity in absence of added Cat+: 0.05 (I = 0.05), 0.22 
(I = 0.30). 


The deaminase activity of one of our L-myosin preparations was tested under the following 
conditions (cf. ref.1"): 0.08 mg protein/ml; 0.04 M succinate buffer, pH 5.5; 0.02 M CaCl,; 3-10-* M 
adenosine-5’-phosphate; 15 min at 25°. NH, was determined by microdiffusion (Conway!) followed 
by Nesslerisation. Qnq;, (ref.!4) was 1260, and unchanged by DNP (2.5-10-% to 1.25: 10-4 M). 

To summarise, with both mitochondria® and myosin DNP accelerates the ATPase activity and 
this effect is abolished by PMA; in neither system does DNP accelerate the ITPase activity. On 
the other hand, Ag**+ in low concentrations greatly accelerates mitochondrial ATPase but only 
inhibits myosin ATPase’. Actomyosin at high ionic strengths behaves towards DNP and PMA 
similarly to myosin. 


We thank Miss JENNIFER CAWKWELL for help with chromatographic purification of ITP and 
Miss JANET STICKLAND for technical assistance. One of us (D.M.N.) acknowledges a research grant 
from the Broodbank Fund of Cambridge University. 

G. D. GREVILLE 
Department of Biochemistry, The University, D. M. NEEDHAM 
Cambridge (England) 
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The stimulation of the adenosinetriphosphatase activities of 
myofibrils and .-myosin by 2:4-dinitrophenol 


In the course of studies on the metabolism of adenosinetriphosphate (ATP) by intracellular 
components of skeletal muscle!.?,* it was noted that whereas the adenosinetriphosphatase (ATPase) 
activity of freshly prepared pigeon breast muscle mitochondria was markedly stimulated by 1o-* M 
2:4-dinitrophenol (DNP), this substance in concentrations ranging from 1o-* to 5-10-% M failed 
to increase the ATPase activity of rabbit myofibrils. As this latter observation did not appear to 
be consistent with WEBsTER’s* finding that myosin ATPase was stimulated by DNP, further investi- 
gations were carried out to discover why this difference in behaviour should exist between the purified 
enzyme and myosin occurring naturally as actomyosin in the myofibril. 
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In our standard incubation medium (containing 0.005 M CaCl,, 0.05 M-trishydroxymethyl- 
aminomethane (TRIS) buffer, pH 7.4, and 0.005 M-NaATP), 2-10-* M DNP had little effect at 
20°C on the ATPase of rabbit myofibrils prepared as described by PrErry’, although inhibition 
became progressively greater as the DNP concentration was increased to 10-* M. DNP stimulated 
the ATPase activity of the myofibrils, however, when the ionic strength of the incubation medium 
was increased (Fig. 1a). In the presence of added 0.05 M KCl little stimulation was obtained, but 
at higher concentrations the effect was quite marked. For example when 0.2 M KCl was added 
to the incubation medium 6-10-* M-DNP induced 130% increase in activity. 

With Mgt as the activating cation the myofibrillar ATPase falls rapidly as the ionic strength 
increases, with the result that in the presence of 0.2 M KCl activity is very low indeed®. At all concen- 
trations of KCl within this range, 2-10-* M-DNP caused slight inhibition of the Mgt+-activated 
ATPase. 

When tested under similar conditions to those used for the myofibril experiments, Ca*+- 
activated Lt-myosin’?’ ATPase was found to be almost maximally stimulated by DNP in the absence 
of added KCl (Fig. 1b). 

NaCl was as equally effective as KCl in promoting the stimulation of the myofibrillar ATPase 
by DNP, but for a given DNP concentration K,SO, induced maximal stimulation at lower concen- 
trations. In general it could be said that whereas the myosin ATPase was almost fully stimulated 
by DNP at the ionic strength of the standard incubation medium, higher ionic strengths were 
necessary to achieve stimulation of the ATPase activity of myofibrils. Preliminary experiments 
suggested that under the conditions for DNP stimulation of myofibrillar ATPase activity at 20°C, 
the enzyme is partly in solution. The presence of the ATPase in the sol form was not by itself a 
prerequisite for DNP stimulation, however, because in an incubation medium at o° C containing 
added 0.2 M KCl, 65% of the myofibrillar ATPase was in solution and DNP induced inhibition 
rather than stimulation (see later). 

Experiments carried out on synthetic actomyosin made from purified L-myosin and actin® 
preparations showed that when increasing amounts of actin were added to myosin, the Cat++-activated 
ATPase became progressively less sensitive to DNP stimulation. In one series of experiments in 
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Fig. 1. Effect of DNP and KCl on the Cat+-activated ATPases of rabbit myofibrils and L-myosin. 


Incubations carried out for 10 min at 20° C in the standard incubation medium to which the following 
additions were made: 


@—@ nil, [-|—[-]o.1 M-KC] @—-@ 0.4 M-KCl. x—— x 0.05 M-KCI /\—/\ 0.2 M-KC 


The reaction was started by the addition of the enzyme. Activity, measured as inorganic phosphate, 
is represented as a percentage of that obtained in the absence of both DNP and added KCl. 
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the standard incubation medium, myosin ATPase was stimulated 100% by 5-10-* M-DNP, but 
the addition of increasing amounts of actin reduced this stimulation progressively until when the 
myosin to actin ratio was 3.2 to 1, stimulation was only 5%. 

Mn** also activated the myofibrillar ATPase but like Mg** this activation fell off rapidly as 
the ionic strength of the incubation medium increased. These ions differed in their effects, however, 
in that 5-10-* DNP stimulated the Mn*++-activated myofibrillar ATPase both in the presence and 
absence of added KCl (0.2 M). 

The extent of stimulation of the myofibrillar ATPase by DNP when Ca**+ was the activating 
ion was independent of the concentrations of enzyme, or of substrate in the range 10~* to 10-? M. 
In general the concentration of DNP required to bring about maximum stimulation increased with 
rising ionic strength although the maximum rates of ATP hydrolysis tended to fall off with increasing 
idnic strength. The effect of DNP was shown to be reversible by exposing myofibrils to 5- 10o-* M-DNP 
in an incubation medium which induced stimulation and then dialysing exhaustively against a solu- 
tion containing 0.039 M-borate buffer pH 7.1 and 0.025 M-KCl. On further addition of DNP the 
ATPase of the dialysed myofibrils was stimulated in a manner similar to that of untreated myofibrils. 

Low concentrations of phenylmercuric acetate (PMA) also stimulated the Ca*+-activated 
ATPase of myofibrils in the presence of KCl. For example in one experiment when the incubation 
medium contained 0.125 M-KCl, 1.25-10-* M PMA stimulated the ATPase activity 115%; higher 

concentrations of PMA produced inhibition. 

Similar stimulation effects with PMA and DNP on myosin ATPase are reported by Drs. G. D. 
GREVILLE AND D. M. NEEDHAM in an accompanying communication’®. 

The experiments described above were carried out at 20°C, but if incubations were carried 
out in the same medium at 0° C marked differences were observed in the stimulation of myosin 
and myofibrillar ATPases by DNP, and in the activation of the myofibrillar ATPase by Mg**. 

The effects were obtained in both TRIS and glyoxaline buffers of pH 7.3 and 7.0 respectively 
(measured at 20° C) and were independent of the pH changes resulting from cooling these buffers 
from 20°—10° C. 

They may be summarised as follows: 

1. For a given ionic strength the stimulating effect of DNP is much reduced at o° C. Addition 
of DNP (10-*-10-? M) did not induce any appreciable stimulation of the Ca**-activated myo- 
fibrillar ATPase until the concentration of added KCl was raised above 0.4 M, and whereas 50% 
stimulation could be obtained with 4-:10-* M-DNP in the presence of 0.8 M-KCIl, the stimulated 
activity was lower than that shown by the myofibrils in the absence of added KCl and DNP. 

2. At o° C the differences between the effect of DNP on the myosin and myofibrillar ATPases 
were not so great as those observed at 20° C. No stimulation of myosin was obtained in absence 
of added KCl and in general the stimulations obtained at higher ionic strength by DNP, expressed 
as percentages of activity in the absence of DNP, were much lower than those obtained at 20° C. 

3. Whereas in the absence of DNP the pattern of Ca++ activation of the myofibrillar ATPase 
was similar at 0° C and 20° C, Mg** activation was considerably modified at the lower temperature. 
At o° Cin the absence of added KCl Mg** inhibits at low concentrations (circa 0.001 M) and activates 
only very slightly if at all in the range 0.005 to 0.01 M. 

These investigations, which are now being extended, indicate that there are basic similarities 
in the action of DNP on myosin ATPase and on the mitochondrial ATPase systems which have 
been previously studied?:!°.", although in the latter system stimulation is obtained at lower DNP 
concentrations. 


We wish to express our thanks to Mr. T. C. Grey for skilled technical assistance, and to the 
Medical Research Council for a research training grant (to J.B. C.) and for a research expenses grant 
(to S.V. P.). 

J. B. CHAPPELL 
Department of Biochemistry, The University, S. V. PERRY 
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An enzymic mechanism for amino acid activation in animal tissues* 


ZAMECNIK AND KELLER! have shown that rat liver soluble protein fraction is essential for the 
incorporation of C-labeled amino acids into the protein of microsomes in the presence of ATP**. 
The data presented in the present paper suggest a mechanism for activation of amino acids in this 
supernatant fraction. 

PP, when incubated with ATP, dialysed 100,000-g rat liver supernatant, MgCl, and KF 
becomes incorporated into ATP: tf. This incorporation is enhanced two to three fold by the addition 
of a complete complement of pure L-amino acids. The incorporation into ATP of **P and PP in 
microsomes and of *P in supernatant is unaffected by amino acids. 

The enhancement of exchange is dependent both on the total concentration and the number 
of amino acids added. If the total concentration of amino acids is held constant, at 0.04 M, the 
PP-ATP exchange increases as the number of L-amino acids is increased (Table I). 0.4 ml of a rat 
liver 105,000-g supernatant fraction, prepared by the method of ZAMECNIK AND KELLER! with 
minor modifications, dialysed 16 hours against the 
buffered sucrose medium in which the homogenate TABLE I 
was prepared, was incubated for 7 minutes at 
37° in a volume of 1.1 ml with 5 uM ATP, 44M 
MgCl,, 100 uM tris(hydroxymethyl)aminomethane 
buffer pH 7.6, 60 uM KF and 4 uM ®PP, pH 7.5 7 
containing 128,000 c.p.m. Every amino acid was to ri ae audits 
chromatographically pure, they were added in 
groups of four, with a total concentration of 40 


THE EFFECT OF INCREASING NUMBERS OF 
AMINO ACIDS ON PP-ATP EXCHANGE 








pM in each tube. (Changing the order of addition o 4038 28 
of the amino acids gave similar results.) The reac- 4 5660 40 
tion was stopped with trichloroacetic acid and the 8 7960 50 
ATP and PP separated and determined by charcoal 12 8270 58 
adsorption according to the method of CRANE AND 16 8970 63 
LipMANN?. Under the above conditions, no ATP or 20 9360 66 


PP was hydrolysed. % exchange = counts per 
minute per 4M ATP divided by total counts per 
minute per 47M ATP plus PP: roo. 

More than 2 4M/ml of each amino acid, on the average, does not further increase the exchange. 
Equivalent numbers and concentrations of p-amino acids are totally ineffective. 

AMP is only slightly inhibitory to the system and 'C-uniformly-labeled AMP fails to exchange 
with ATP**". 

PP does not accumulate in the system in measurable quantity even though the PPase activity 
is completely inhibited by KF, and PP-ATP exchange is proceeding. However, in the absence of KF 
and in the presence of high concentration of salt-free NH,OH, a mixture of L-amino acids produces 
a considerably increased ‘“‘hydrolysis’’ of ATP and a corresponding appearance of two equivalents 
of P. Concomitantly there is produced a significant quantity of hydroxamic acid (Table II). Rat 
liver was homogenized with 1.5 volumes of 0.05 M KCl and the 100,000-g supernatant from this 
homogenate was dialysed for 20 hours against 100 times its volume of 0.05 M KCl. 1.0 ml of the 
supernatant was then incubated for 30 minutes at 37°C in a final volume of 2.0 ml with 10 uM 
MgK,ATP, 100 uM tris buffer pH 7.6, and 2400 uM of freshly prepared salt-free hydroxylamine. 
An equimolar mixture of 12 amino acids (each of which alone failed to produce measurable quantities 
of hydroxamate — phe, val, leu, try, i-leu, lys, thr, ser, alan, his, arg, gly) was used at a total concen- 
tration of 12 4uM/ml. Analyses: 

(1) hydroxamate was measured directly on a 1.0 ml aliquot of the reaction mixture by the 
method of LIpMANN AND TUTTLE’, using as an internal standard a mixture of the hydroxamates 
of six amino acids (leu, i-leu, val, lys, gly, ala)§. 

(2) After killing the enzyme in the remaining 1.0 ml by boiling 2 minutes, P was determined 
by the method of Fiske AND SUBBAROW on a 0.1 ml aliquot and compared to a zero-time control. 

(3) ATP was similarly determined on a 0.1 ml aliquot hydrolysed for 12 minutes in 1 N HCl. 
(In the absence of KF, all PP formed is split to P during the incubation.) 








* This is publication No. 835 of the Cancer Commission of Harvard University. 
** Abbreviations: ATP — adenosinetriphosphate ; AMP — adenosinemonophosphate ; PP — inorganic 
pyrophosphate; P — orthophosphate. 
t The *2PP was prepared by, and the gift of Dr. M. E. Jongs. 
tf Pabst K,ATP was used routinely but similar results were obtained with the Sigma Chemical 
Company crystalline product. 
*** Prepared from Schwarz “C-uniformly-labeled ADP enzymically (hexokinase and myokinase) 
and isolated by paper electrophoresis. The *C ADP was generously supplied by Dr. JOHN GERGELY. 
§ American Cancer Society Scholar in Cancer Research. 
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TABLE II 


ATP Loss, AND HYDROXAMATE APPEARANCE IN THE PRESENCE OF 
AMINO ACIDS AND HYDROXYLAMINE (in 4M /ml) 








Addition — ATP lost Pi formed 

— o 2.31 4-04 
NH,OH 0.34 1.39 2.78 
AA re) 2.25 4-51 
AA + NH,OH 0.69 2.25 4-51 
/\ due to AA alone o o fe) 
Z\ due to AA in 

presence of NH,OH 0.35 0.86 1.73 





p-amino acids are inert here also. The appearance of hydroxamates, like the exchange, is 
dependent on the number of amino acids added, as well as the concentration. A purified enzyme 
from this supernatant, when incubated with leucine and NH,OH, has yielded a product indistin- 
guishable from leucine hydroxamate by paper chromatography. 

These findings permit the following tentative formulation of the process by which amino acids 
are activated for protein synthesis. If E, is an activation site on an enzyme for a particular amino 
acid (AA,), this site binds ATP in such a way as to labilize the AMP-pyrophosphory] linkage: 











(1) 5. L+aTP = E,— AMP— Ppl 
The amino acid then displaces the PP: 
(2) E,— AMP—PP!_+ AA, = E,—AMP— AA," + PP 


These two equilibria would permit PP-ATP exchange to occur only in the presence of amino acids, 
would account for the failure of AMP to inhibit the reaction or to exchange with ATP and the 
failure of PP to accumulate in the absence of an acceptor. The additive effect on exchange of different 
amino acids suggests a separate activation site for each. 

In the presence of NH,OH, the carboxyl-activated amino acid reacts to form the hydroxamate, 
while AMP and PP accumulate, since the enzyme is regenerated to cycle again: 


(3) E,_/AMP — AA, + NH,OH -—> E, + AA, —NHOH + AMP 


(The possibility of the AMP ~ AA dissociating from the enzyme is not ruled out and is consistent 
with the results if the dissociation were of small extent.) 
The above formulation is similar to that of Maas‘ for the enzymic synthesis of pantothenic 
acid in a purified E. coli extract where detailed stoichiometry of the reaction has been worked out. 
The natural intracellular counterpart of NH,OH in reaction (3) above might be expected to 
be the amino group of amino acids or peptide chains in the microsomes where arrangement of amino 
acid sequence and condensation of peptide chains would occur®. Examination of the interrelationship 


of these two fractions is in progress in this laboratory. 


The author wishes to thank Dr. F. Lipmann, Dr. P. C. ZAMECNIK and Dr. E. B. KELLER for 


valuable discussions. 7 
MAHLON B. HOAGLAND 
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Remarks on preparations of ribonuclease from different 
manufacturing sources 


The action on cancerous cells of different preparations of ribonuclease (RNase; Armour, Wor- 
thington or General Biochemical Incorp. (G.B.I.)) has been studied!.*. The experimental material 
was obtained by chromatographic separation of these batches following the procedure described 
by Hirs, MoorE AND STEIN?®. 

The fractions used were apparently the same, as discussed below (fraction C*) but the observed 
biological effects differed considerably. 

When treated with the RNase from G.B.I. or Worthington, the cells of the Ehrlich carcinoma 
show cytochemically rapid changes in their basophily ; this change is quite slow in the case of Armour 
RNase. Moreover, cellular malformations appear in the first two cases but not with the Armour product. 

From a biochemical point of view, one observes pronounced modifications of the metabolism 
of the ribonucleic acids (RNA). With G.B.I. or Worthington material, an immediate synthesis of 
RNA in the cell takes place, under certain conditions, followed by a slow disappearance of the 
intracellular RNA. With Armour RNase, one observes a very slow disappearance from the first 
moment of interaction®. 

This is not due to a difference in enzymic activity only. Whilst the Armour product has half the 
in vitro activity of that from G.B.I., equal activities still produce the same different biological results. 

Similar results have also been obtained with Amoeba: when submitted to RNase, the basophily 
of the cytoplasm and the nucleoli rapidly decreases with the G.B.I. enzyme; the Armour RNase 
is about 5 times less active and the experiments are not so easily reproducible. However, G.B.I. 
and Armour products give the expected results in the case of the incorporation of labelled amino 
acids in living root tips (BRACHET®): under similar experimental conditions, G.B.I. RNase is about 
twice as effective in inhibiting the incorporation as the Armour product. 

These differences in biological behaviour can not so far be explained on the basis of corresponding 
changes in physico-chemical properties. 

The patterns of chromatographic and sedimentation diagrams (sedimentation experiments by 
Dr. K. V. SHOOTER) are on the whole very similar. None of the fractions seems to be contaminated 
by proteinous material carrying other enzymic activities. On the other hand, the RNase material, 
as purchased, contains low molecular weight impurities which account for ca. 25 % of the dry weight 
in each case. Also the U.V. spectrum which corresponds to that described by SHUGAR’ shows with 
all the preparations, no gross variations. The observed values agree with those obtained by sedi- 
mentation experiments and chemical analysis. 

In consequence, these preparations appear to possess similar protein content but different 
enzymic or biological activities. It is perhaps too early to attempt an interpretation of these facts 
but it is important to draw attention to them at this juncture. 

As a suggestion, these products could represent either slightly altered or oxidised forms of 
the same protein or, as an extreme, even really different structures®:®,!9. 

It was previously reported*:*."" that two sluggish -—SH groups, probably linked with other 
groups of the protein, were present in native ribonuclease and played an important part in enzyme 
activity. In connection with what was said above, it should be emphasised here that these results 
were obtained with G.B.I. and Worthington material only and may not reflect fully the properties 
of the Armour product. 

Thanks are due to Professors HADDow and BERGEL and to Dr. S. Moore for valuable suggestions 
and criticisms, and particularly to Dr. K. V. SHOOTER who very kindly has carried out the sedi- 
mentation experiments. .. Lemous® 


The Chester Beatty Research Institute, Institute of Cancer Research, J. BRACHET 
The Royal Cancer Hospital, London (England) and Laboratoire 
de Morphologie animale, Université libre de Bruxelles (Belgique) 


1 L. Lepoux anp E. Battus, Experientia, in press. 

2 L. Lepoux, Biochim. Biophys. Acta, 15 (1954) 143. 

3 C. N. W. Hirs, S. Moore ann W. M. Stern, J. Biol. Chem., 200 (1953) 493. 

4 L. Lepoux, Biochim. Biophys. Acta, 14 (1954) 267. 

5 J. Bracuet, Nature, 174 (1954) 876. 

6 L. LEpoux, Biochim. Biophys. Acta, 13 (1954) 121. 

? D. SHuGAR, Biochem. J., 52 (1952) 142. 

8 J. S. Rotn, Biol. Bull., 103 (1952) 228. 

9 J. S. Rorn, J. Biol. Chem., 208 (1954) 181. 

10 G. DE LAMIRANDE, C. ALLARD, H. C. DA CosTa AND A. CANTERO, Science, 119 (1954) 351. 


1 L. Lepoux, Biochim. Biophys. Acta, 11 (1953) 517. 
Received December 12th, 1954 





* Chargé de Recherches du Fonds national belge de la Recherche scientifique. 
Permanent address: Laboratoire de Morphologie animale, Université libre de Bruxelles, Belgique. 





tz 


5) 


ial 





VoL. 16 (1955) SHORT COMMUNICATIONS, PRELIMINARY NOTES 291 


Purification of tetanus toxin by multi-membrane electrodecantation 


It is desirable that a toxoid, to be used for prophylaxis against human and animal diseases, 
should be as pure as possible. Effective purification will reduce the incidence of reactions attributable 
to impurities in the toxoids and will minimize the number of undesirable antigens which may be 
present in relatively cruder preparations, and which may affect the antigenic response evoked in 
their recipients. 

The toxin produced by Cl. tetanit may be considerably purified by means of multi-membrane 
electrodecantation (M.M.E.D.)!. The method has a number of advantages such as the mild conditions 
to which the toxin is exposed (relatively low temperature ; pH’s near neutrality ; absence of denaturing 
solvents), the high yield, the rapidity of the process and the relative simplicity of the apparatus. 

In a typical experiment Cl. tetani (G.S. 761) was grown in a cellophane bag, such as was used 
by PoLson AND STERNE in the preparation of C/. botulinus toxin’, using a Hog’s Stomach-Veal 
infusion medium*. There was no very marked improvement in the quantity of toxin produced as 
contrasted to that obtained with growth in the medium itself. However, the cellophane bag technique 
had the advantage that the only macro-molecular material present was produced by the Cl. tetani 
and none was derived from the medium. Filtrates containing 10° or more M.L.D. (for 20 g mice) 
per ml were obtained. 

In the preliminary investigation, which is reported here, the toxin was purified by the removal 
of those constituents with electrophoretic mobility at the iso-electric point of the toxin (pH 5.1)*. 
The continuous flow, 3-cell model of M.M.E.D. apparatus was used for this purpose. It was operated 
in the horizontal position since paper electrophoresis of the crude toxin showed that there were 
both positively- and negatively-charged constituents at pH 5.1. 

Three litres of the crude toxin-containing filtrate were dialysed against an acetate buffer 
(pH = 5.1; ionic strength = 0.05), containing Mg++, for 48 hours, the buffer having been renewed 
at the end of 24 hours. A considerable portion of the pigmented material, present in the original 
filtrate, diffused into the dialysate. The toxin was passed through the apparatus at approximately 
100 ml/h with a voltage gradient of approximately 4 volts/cm. The current was reversed twice during 
the experiment in order to minimize any accumulation of acid or alkali in either electrode com- 
partment. The pH was shown to have remained constant throughout. 

All the pigmented material migrated and collected at the bottom of the cells with the electro- 
phoretically mobile contaminants. The extent of the purification was estimated both by paper 
electrophoresis and the measurement of toxicity, expressed as M.L.D./mg of protein nitrogen. 

Paper electrophoresis was carried out in veronal buffer at pH 8.6 and ionic strength 0.05. 
The electrophoretogram showed a stationary band, 2 double bands moving towards the anode and 
a single band moving towards the cathode. By cutting up the paper strip, eluting and determining 
the toxicity, it was found that the activity was associated with the slower component of the slower 
double band. This is in accordance with the electrophoretic mobility, since it had the same speed 
as the f-globulin of a human serum under the same experimental conditions. The paper electro- 
phoretogram of the purified toxin showed only the single toxin-containing band with a continuous, 
light, diffuse stain between it and the point of application on the paper. However, free electrophoresis 
indicated the presence of a non-charged component (the very low protein concentration prevented 
effective analysis by free electrophoresis, even using the Scale Method). 

Based on the toxicity, expressed as the number of M.L.D. (for mice) per milligram of protein 
nitrogen (precipitated by trichloracetic acid), there was approximately an 8-fold purification by a 
single run through the M.M.E.D. apparatus (see Table I). 








TABLE I 
PURIFICATION OF TOXIN 
Y ; Toxicity Toxicity* 
Substance M.L.E./ml mg |onb M.L.D./mgN 
Original toxin 8-104 0.0035 2.3°10° 
Purified toxin 7:104 0.00037 1.9: 108 





* The high toxicity figures per milligram of protein nitrogen may be due to incomplete precipi- 
tation®. However, they serve as a comparison to demonstrate the extent of the purification. 


The toxicity of the solution before and after M.M.E.D. was virtually the same, allowing for 
dilution by the buffer originally present in the apparatus. The proteins, which concentrated in the 
bottom of the three cells, contained progressively less toxin, varying from one-third to one-eighth 
of that present in the original solution. 
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It has also been possible to demonstrate that the crude TABLE II 
toxin (even from dilute solutions) may be quantitatively recovered 
in a smaller volume in the M.M.E.D. apparatus, operated at a pH 
removed from the iso-electric point of the toxin (e.g. pH 7.0). Using 7 
a single separation cell (capacity500 ml) as a batch process, 95 % Substance Pivy# 
or more of the toxin has been concentrated in 50 ml at the bottom | 
of the cell within 4 hours with a potential gradient of approxi- 


CONCENTRATION OF TOXIN 








mately 4 volts/cm. The final concentration in the top of the cell Original : 2 ne 
was one-hundredth of that present originally (see Table II). Bottom fraction 2° sy 
Further work using the M.M.E.D. to purify tetanus toxin Top fraction 2°10 





from both the G.S. 761 and the “‘Harvard”’ strains of Cl. tetani 
(the latter producing significantly more toxin under the conditions 
of these experiments) is in progress. The effect of the purification on such properties as flocculation, 
antigenicity, etc. will also be investigated. 


The author wishes to thank Dr. Porson for his assistance and Professor VAN DEN ENDE for 
his interest in this work. 
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Conversion of p-xylose to p-xylulose phosphate by extracts of 
Pseudomonas hydrophila* 


Phosphorylation studies, in which D-xylose was the pentose supplied, have been reported with 
cell-free extracts of Pseudomonas hydrophila’, Lactobacillus pentosus* and Aerobacter cloacae*. The 
product of phosphorylation was first described only as an acid-stable pentose phosphate!. Later, 
using L. pentosus, LAMPEN* identified D-ribose-5-phosphate as the chief product of this system, 
stating, however, that p-xylose or p-xylulose phosphates could not be detected. Recent work has 
shown that the cell-free extracts used in phosphorylation studies of P. hydrophila and L. pentosus 
contained not only a kinase but also a specific xylose isomerase®:*.’. It, therefore, became uncertain 
whether pD-xylose or D-xylulose was the actual substrate in the phosphorylation. 

Attempts to identify the product of the phosphorylation have now revealed the presence of 
at least four acid-stable phosphate esters. This communication describes the identification of the 
first ester formed in the sequence of reactions now known to take place. 

The enzyme preparation used was a fresh sonic extract of P. hydrophila’. Nucleoprotein was 
removed with MnCl,® and nucleic acids and other extraneous protein with protamine sulphate®:!. 
This procedure was used to prevent the possible formation of pentose phosphate by enzymic 
hydrolysis of nucleic acids or of nucleoprotein. After centrifugation (14,000 r.p.m.), the supernatant 
solution was dialyzed against weak phosphate and then against weak bicarbonate buffers (pH 7.4—7.5) 
for a total of 48 h. The resulting product was used for all experimental work. 

Phosphorylation experiments were carried out in an atmosphere of N,—CO, in 15 Warburg 
vessels (27°C), each containing 0.02 M NaHCO,, 0.01 M MgCl,, 0.026 M ATP, 1.8 ml enzyme 
preparation and 0.018 M p-xylose. Conditions chosen were such that no free sugars remained at 
the termination of the experiments, as judged by paper chromatography of the products. Phos- 
phorylation rates were measured by the method of CoLowick AND KALcKarR"™. After 90 minutes, 
the contents of all vessels were combined (48 ml), 0.6 ml glacial acetic acid was added and the solution 
was allowed to pass slowly (1—1.5 ml/min) through a large column of IR120 (H+) ion exchange 
resin followed by several washings with deionized water. Protein flocculated out at the top of the 
column. The effluent (pH about 2.8) was collected at o—4° C concentrated im vacuo at 30° C!® to a 
volume of 50 ml, and treated with barium hydroxide. After removal of the adenosine phosphates 
at pH 8.2, the pH was quickly brought to 6.8. Four volumes of ethanol were then added to precipitate 
the barium salts of the sugar phosphates. The precipitate was thoroughly washed and dried. 





* Issued as N.R.C. No. 3483. 
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The various sugar phosphates in the precipitate could not be separated by preparative paper 
chromatography or by paper electrophoresis. The mixture was, therefore, dephosphorylated by incu- 
bation in 0.05 M acetate buffer at pH 5.2 for 1 h at 30° C with a partially purified acid phosphatase 
preparation. Protein was precipitated with trichloroacetic acid and the resultant mixture was put 
through a mixed bed ion exchange resin column (IR120 (H+) and IRA 4oo). The free sugars were 
then separated by paper chromatography in phenol-water (4:1)!* on long papers (36 inches). The 
ketopentose areas were made visible by applying a new combination spray. The TCA-orcinol spray 
of KLEVSTRAND AND NorpaL' was applied first (with subsequent heating) followed by aniline 
phthalate’ overspray (without heating). This procedure produced a purple color with p-xylulose 
and a pink color with D-ribulose but gave no color with aldopentoses. 

p-Xylulose was identified as one of the major components of the mixture of sugars by the 
specific color, by its position on paper and by conversion to its p-bromophenylhydrazone. The eluted 
material was, however, contaminated with traces of p-ribose which occupied the same position on 
the papers but gave the typical aldopentose reaction when sprayed with aniline phthalate alone. 
The p-ribose in the eluate was converted by bromine oxidation to ribonic acid which was removed 
from solution by passage through a mixed bed ion exchange resin. The ketopentose remaining in 
solution was characterized by preparation of its p-bromophenylhydrazone (mp: 128-9°C) by a 
modification of the original method of ScHMIpT AND TREIBER!®. A mixture of this derivative and 
an authentic sample of D-xylulose-p-bromophenylhydrazone (m.p. 128.5—129.5° C) melted at 128- 
129.5° C. The presence of p-xylulose phosphate in the sugar phosphate fraction was thus established. 
Although the position of the phosphate group in the molecule could not be determined, the acid 
stability of all the phosphorylation products! suggests that the compound in question is D-xylulose- 
5-phosphate. 

No p-xylose was detected after dephosphorylation of the sugar phosphates. Moreover, D-xylose- 
5-phosphate“* was not further metabolized by the enzyme system. This result is in agreement with 
earlier findings’? and with the suggestion that isomerization precedes phosphorylation®. 

The experimental data given in this communication establish the initial sequence in the utili- 
zation of D-xylose by extracts of P. hydrophila as: 


; D-xylose = D-xylulose --> D-xylulose-(5)-phosphate. 


The technical assistance of Mrs. ALMA HARVEY is gratefully acknowledged. 
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** Kindly supplied by Dr. A. E. Mirsky, Rockefeller Institute for Medical Research, New York, 
from the Levene Collection. 


Some properties of the casein of mouse milk (RIII)* 


A protein, considered to be casein on the basis of its phosphorus content, has been prepared 
from the milk of mice of the RIII strain (carriers of the mammary tumor agent). Its concentration 
is approximately 2.8%. Some of its properties are described below. 

The manner of collecting the milk and the precautions taken to avoid changes during treatment 


r Supported by a grant from the American Cancer Society. 
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have been mentioned in describing an alcohol-soluble protein from the same source!. Following 
removal of lipides and cellular elements from the milk by centrifuging at rooog the casein was 
sedimented at 14,000 g, dissolved in water and again sedimented at this centrifugal force. From 
its dialyzed, milk-white, water solution the protein was precipitated by adding several volumes of 
citrate buffer, pH 3.1, washed repeatedly with water, dissolved in a minimal quantity of NaOH, 
or phosphate buffer or barbiturate buffer, as required. The casein was no longer sedimentable at 
14,000 g at this stage and its solutions were clear and completely free of any milky appearance. 

A water solution formed no coagulum on boiling. The casein was precipitated by the usual 
protein-precipitating agents but not by 4 volumes of absolute ethanol, although prior addition of 
a little CaCl, or sodium phosphate resulted in abundant precipitation by the ethanol. Results were 
positive when color tests were applied to the casein solution for the presence of tyrosine and trypto- 
phan. A paper chromatogram of 0.42 mg, following hydrolysis with HCl, contained spots corre- 
sponding to leucine, glutamic acid, valine, alanine, lysine, glycine, serine, tyrosine, proline, arginine( ?), 
methionine and aspartic acid. Absorption of light in the ultraviolet region was characteristic of 
proteins in general, the maximum being at 278 my in N/2o HCl and shifting to 290 my in N/20 
NaOH. A sample of casein prepared by precipitating with HCl, instead of citrate as described above, 
and well washed with water, contained 1.2% phosphorus and 15.34% nitrogen (micro-Dumas), 
uncorrected for ash content. 

Electrophoretic examination. This was done at 0°—o.5° on dialyzed solutions in a Tiselius appa- 
ratus. The mobilities (10-5 cm? volt~! sec~") were —5.4 and —7.3, respectively, at pH 5.80 and 6.92 
in phosphate buffer, calculated from the data for the descending limb of the cell. When the concen- 
tration, which was ca. 1.9% in the latter experiment, was reduced to ca. 0.6% the mobility was 
—6.3. In barbiturate buffer at pH 8.58 it was —6.2 and —7.0 for 0.4% and 0.9% solutions re- 
spectively”. Mobilities were 12 to 18% greater in the ascending limb. 

A small peak, representing about 8% of the total area, is present in the pattern obtained at 
pH 8.58; it is smaller at pH 6.92 and barely apparent at pH 5.80. It is so close to the peak for casein 
that it may be that it represents a partially dephosphorylated casein (with a slightly smaller net 
charge) present in the freshly collected milk, or formed subsequently. Partly dephosphorylated 
casein has been identified following treatment of a-casein of cow’s milk with either prostatic or 
intestinal phosphatase‘. 

The isoelectric point of the casein could not be determined electrophoretically owing to its 
very limited solubility below pH 5. When 1 ml of a solution previously dialyzed against water was 
added to 5 ml quantities of 0.1 M acetate buffer with graded pH’s precipitation was maximal at 
pH 4.3 + 0.1. Of the 10.20 mg casein added 0.12 mg remained in solution. 

Viscosity. A sharp rise in viscosity of the casein solutions occurred with increasing concentration. 
Thus, 0.4%, 0.8%, 1.2%, 1.66% and 2.5% solutions had, at 0°, viscosities relative to the buffer 
solvent, of 1.021, 1.109, 1.249, 1.394 and 1.656 as determined with the Ostwald viscosimeter. 

Ultracentrifugal examination**. When an 0.8 % solution of casein in 0.1 M NaCl was centrifuged 
at 60,000 rpm, equivalent to 250,000 g, the value of Sy), was 27 S. 

Diffusion. The diffusion constant D,,, measured at o°—o.5° in a Tiselius cell on a 1.2% casein 
solution in phosphate buffer, pH 6.92 and containing 0.05 M NaCl (total w = 0.1) was 2.34-1077 
cm?/sec. A second determination (0.6% solution) gave the value 2.31-10~? cm?/sec. Dissociation into 
sub-units did not, therefore, occur on two-fold dilution in this concentration range. The maximal 
ordinate-area method was used in calculating D4». 

Calculation of the molecular weight of the mouse milk casein by means of the formula 
M = RTs/D(1—Vo) yields a value of 1,130,000, if the partial specific volume is assumed to be 0.75. 
Since it was sedimentable at 14,000 g before, but not after, isoelectric precipitation, casein as it 
exists in mouse milk (calcium phosphate complex) must have an even greater molecular weight. 
Both as the calcium phosphate complex and as the sodium salt the large molecules may represent 
associations of submolecules. The frictional coefficient //f, is 1.38 when computed from the same 


data, indicating that the axial ratio is between 7 and 8. 
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* Davis AND Coun? found that mobilities increased with increasing concentrations of hemoglobin. 
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and for the difference in mobility values for ascending and descending boundaries. 
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Bemerkung zur Spiralstruktur von Eiweiss und Nukleinsaéuren 


Die Entwicklungen der letzten beiden Jahrzehnte auf dem Gebiete der Erforschung der Struk- 
turen lebender Systeme haben zu dem Zwang gefiihrt, fiir wesentliche! und vor allem fiir die an 
der Selbstreduplikation beteiligten Teilstrukturen der Zellen Spiralstruktur anzunehmen. So gilt 
heute nicht nur der spiralige Aufbau der Chromosomen, wenigstens in bestimmten Phasen der Zell- 
teilung als gesichert, sondern auch fiir die Struktur des Eiweissmolekiils* wie fiir jene der selbst- 
reduplikationsfahigen Nukleoproteide® scheint die Annahme spiraligen Aufbaues mit den beobach- 
teten Tatsachen am besten vereinbar zu sein. WATSON UND CriIcK* machten den Vorschlag, fiir 
Desoxyribonukleoproteine bzw. fiir deren Nukleinsduregeriist spiraligen Aufbau anzunehmen. 
WILKINS, STOKES UND Witson® gelangten auf Grund réntgenographischer Untersuchungen an 
Desoxypentosenukleinsauren verschiedener Herkunft zu dem Ergebnis, dass tatsadchlich Spiral- 
strukturen in vivo vorliegen. WATSON UND CricK nehmen dabei an, dass eine Nukleinsdure-Doppel- 
bandspirale vorliegt, deren eines Band parallel zum anderen liegt und dass beide Bander zueinander 
komplementar strukturiert sind. Die von den Autoren zur Veranschaulichung ihres Vorstellungs- 
modells verwendete Darstellung der Doppelbandspirale entspricht der in der folgenden Abbildung 


2 s 


Fig. 1. Schematische Darstellung von 
drei verschiedenen Typen von Doppel- 
bandspiralen. a. Das Doppelband ver- 
harrt mit seiner Flache in paralleler 
Lage zur Hauptachse der Spirale; die 
beiden Spiralen sind durch seitlichen 
Zug nicht trennbar (Verhakung). b. 
Spirale mit aufsteigend gleichsinniger 
Torsion der Bander um 360° je Spiral- 
windung (siehe oberes Schema); die 
beiden Spiralen sind durch seitlichen 
Zug voneinander trennbar. c. Spirale 
mit aufsteigend ungleichsinniger Tor- 
sion (siehe oberes Schema) der Bander 
um 360° je Spiralwindung; die beiden 
Spiralen sind durch seitlichen Zug 
untrennbar (Verhakung). 





mit a gekennzeichneten Spiralstruktur. Wendet man nun die Vorstellungen iiber die Méglichkeit 
identischer Selbstreduplikation lebender Systeme bzw. von Teilstrukturen aus solchen, welche von 
DEHLINGER, NEUGEBAUER und neuerdings von FRIEDRICH-FREKSA® entwickelt wurden auf diese 
Spiralstrukturen an, so ergeben sich Schwierigkeiten. 

Man muss dann namlich annehmen, dass die beiden Komplimentarbander sich im Verlauf des 
Selbstreduplikationsvorganges entweder voneinander trennen um jedes fiir sich ein neues Kom- 
plimentarband aus kleineren Nukleotiden anzulagern und aufzubauen, oder aber, dass beide Bander 
zugleich sich durch Anlagerung von kleineren, als ‘‘Bausteinen’’ geeigneten Molekiilen sich reprodu- 
zieren, worauf dann erst eine Trennung der neugebauten von den bereits vorher vorhanden gewesenen 
Bandern erfolgt. Wie immer dieser Vorgang angenommen wird, muss doch eine Trennung der alten 
von den neuen Bandern erfolgen und hierin liegt die Schwierigkeit. Ist die Spiralstruktur namlich 
so beschaffen, wie sie im Schema a unserer Abbildung gezeichnet ist, und wie WATSON UND CRICK 
sie angeben, namlich so, dass die Bander der Spiralen mit einer ihrer Flachen stets parallel zur 
Hauptachse der Spirale liegen, so ist es nicht méglich, die beiden Tochterspiralen (seien sie nun 
parallel oder senkrecht zu dieser Flache voneinander geteilt) durch einfach seitlich angelegten Zug 
voneinander zu trennen. Vielmehr miissen sich die beiden Tochterspiralen ineinander verhaken. 
Dieser Umstand zwingt die genannten Autoren anzunehmen, dass sich vor der Trennung der beiden 
Tochterspiralen diese auseinanderwickeln und strecken. Es ist jedoch keineswegs erwiesen, dass dies 
vor jeder Teilung selbstreproduzierender Systeme der Fall ist. DELBRick’ will die topologische 
Schwierigkeit der Spiralen-Trennung dadurch beseitigen, dass er das regelmassige Einsetzen von 
Briichen der einen der beiden Spiralen und eine nach Loslésung der Bruchstiicke erfolgende Wieder- 
vereinigung annimmt. Es diirfte jedoch hierdurch die neue Schwierigkeit des Nachweises uniiber- 
windlich sein, weshalb diese zur Enthakung der beiden Spiralen fiihrenden Briiche auftreten und 
wieso es in der iiberwiegenden Mehrzahl der Fille gelingen sollte, sie fehlerfrei wieder zu vereinigen. 
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Die Untersuchung der Vorgange bei der Zellteilung, welche zur aequalen Teilung der Chromo- 
somen und zur Trennung der Tochterchromosomen voneinander fiihren zeigte, dass die Chromosomen 
zu diesen Zeitpunkten in spiralisierter Form vorliegen und dass sie sich in spiralisierter Form von- 
einander zu lésen vermégen. Um diesen Vorgang verstandlich zu machen, wies Kuwapa® auf ein 
Drahtmodell eines Paares von Doppelspiralen (Doppelwendel) hin, welches sich so ineinanderschieben 
lasst, dass nur eine einzige Doppelspirale anstelle von zweien vorzuliegen scheint und bei welchem 
eine einfache Seitwartsbewegung zur Trennung beider Spiralen voneinander fiihrt. Das Modell zeigte, 
dass eine Anordnung zweier Spiralen eng nebeneinander in der Weise méglich ist, dass eine einfache 
Bewegung senkrecht zu ihrer Hauptachse geniigt, um sie ohne Verhakung voneinander zu trennen. 

Eigene Uberlegungen und Untersuchungen an Modellen klarten den Weg, auf welchem es zu 
einer diese Bedingung erfiillenden Spiralstruktur eines Doppelbandes kommen kann bzw. kommen 
muss und welche Bedingungen eine Spiralstruktur erfiillen muss, um zwei seitlich trennbare Halften 
(bzw. Tochterspiralen) zu ergeben. Eine solche, trennbare Spiralstruktur ist im Schema b unserer 
Abbildung wiedergegeben. Sie ist dadurch entstanden zu denken, dass im Verlauf einer jeden Windung 
der Spirale (um 360°) das Band sich aufsteigend gleichsinnig um ebenfalls 360° tordiert bzw. ver- 
windet. Wie die Fig. b deutlich zeigt, lasst sich die hellgezeichnete Langshalfte der Spirale durch 
einfache Seitwartsbewegung ohne Veranderung ihrer Spiralstruktur von der dunkel gezeichneten 
wegschieben und trennen. Bei einer Spirale solcher Art liegen Dipole, welche sich von Windung 
zu Windung wiederholen, direkt iibereinander. Man kann eine solche Spirale dadurch hergestellt 
denken, dass sich periodisch angeordnete zwischenmolekulare Felder gegenseitig anziehen und 
dadurch zur Entstehung einer Spiralstruktur fiihren. Wenn man die beiden Enden eines Schlauch- 
stiickes einspannt und parallel zueinander (ohne Torsion) solange verschiebt, bis sie nebeneinander 
zu liegen kommen, so kann der Schlauch eine im Sinne der Fig. b strukturierte Torsion zu einer 
Spiralwindung annehmen. Damit wiirde das einfache Prinzip der gegenseitigen Anziehung periodisch 
iiber die Langsachse des Polynukleotids verteilter Gruppen geniigen, um eine Spiralisierung hervor- 
zurufen, welche bei Selbstreproduktion teilbar ist. Hierbei ist es gleichgiiltig, ob die Teilung senkrecht 
zur Bandebene (wie in Fig. b) oder aber parallel zu ihr erfolgt. Die Teilbarkeit bleibt in beiden Fallen 
erhalten. Das besagt, dass sowohl das Bild der Selbstreproduktion vor, sowie jenes welches eine 
solche nach erfolgter Lésung der H-Bindungen der Doppelspirale annimmt, an dem vorliegenden 
Modell realisierbar ist. Eine weitere Uberlegung zeigt nun aber, dass das einfache Prinzip der gegen- 
seitigen Anziehung periodisch tiber die Langsachse verteilter Gruppen allein nicht geniigt, um die 
trennbare Doppelspiralstruktur zwingend herzustellen. Erfolgt namlich, wie in Fig. c schematisch 
gezeigt, die pro Spiralgang erforderliche Torsion nicht im angegebenen, sondern im gegenteiligen 
Sinne (aufsteigend ungleichsinnig) aber ebenfalls um 360°, so erhalt man eine bei Trennung der 
Langshialften des Bandes sich verhakende Doppelspirale. Es muss daher bei der Entstehung der 
trennbaren Doppelspiralstruktur ausser der gegenseitigen Anziehung der periodisch tiber das Band 
verteilten Gruppen noch ein weiterer Faktor angenommen werden, welcher fiir die Realisierung der 
Méglichkeit b eine sehr grosse, fiir jene der Méglichkeit c aber eine sehr kleine Wahrscheinlichkeit 
schafft bzw. die Méglichkeit b gegeniiber c entscheidend energetisch begiinstigt. 

Es muss zuniachst offen bleiben, welcher Art dieser Faktor ist. Méglicherweise handelt es sich 
um spezifische sterische Eigenschaften der Polynukleotidbander. Verstandlich ware das ausschliess- 
liche Vorhandensein trennbarer Spiralstrukturen bei selbstreproduzierenden Strukturteilen des 
lebenden Systems dann, wenn iiberhaupt niemals eine véllige Entspiralisierung angenommen werden 
miisste. Dann wiirde die eigenartige Torsion (nach Typus b) bei der Selbstreproduktion von Exemplar 
zu Tochterexemplar und so immer weitergegeben (und vermehrt) werden, wahrend die nach Typus c 
gebaute Spirale nach Selbstreproduktion wegen mangelnder Teilungsfahigkeit nicht mehr weiter 
vermehrt werden kénnte und daher statistisch ausgemerzt werden miisste. 

Da es somit nur eine sehr eng definierte Art von Spiralstruktur gibt, welche mit der Forderung 
der Trennbarkeit nach Selbstreproduktion (ohne Entspiralisierung) vereinbar ist, verspricht deren 
Beriicksichtigung bei der Aufstellung von Hypothesen und Modellbildern iiber die Spiralstruktur 
der Eiweiss- und Polynukleotidkérper neue Erkenntnisse. 


Herrn Dipl. Ing. RoLAND KIRSCHNER danke ich fiir Hilfe bei der Anfertigung von Modellen 
und Zeichnungen. 


Technische Hochschule, Wien (Osterreich) 


Hans LINSER 
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Degradation of ribonuclease by subtilisin 


The study of the kinetics of protein degradation by enzymes is greatly facilitated if, at different 
times during the proteolysis, the concentration of totally unchanged substrate protein is known!. 
Using a substrate like ribonuclease (RNase) 
and measuring the change in its activity 
during degradation would give valuable 
information concerning this point, provided 
ribonuclease activity is strictly a property 
of the intact protein and is uninfluenced 
by degradation products formed. We have 
therefore subjected beef ribonuclease to the 
proteolytic action of subtilisin?»* measuring 
both the extent of hydrolysis in the 
JacoBsEN-LEonIs pH-stat* and the loss 
in activity according to Kunitz®. Fig. 1 
shows a typical kinetic experiment in 0.1 N 
KCl (substrate conc. 1%, enzyme concen- 
tration 0.004%, pH 8, 30°). It will be seen 
that subtilisin will hydrolyze a considerable 
number of peptide bonds per molecule, viz. 
22 in the course of 350 min and that the 
subsequent reaction is very slow. The 
average chain length of the peptides formed Time in minutes 
after 350 min is about 6. The degradation Fig. 1 
of ribonuclease by subtilisin is therefore 
more intensive than that by pepsin (ANFINSEN®) but has features in common with the breakdown 

. e of insulin by subtilisin (E. anp N. 
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HAUGAARD (in press)). Fig. 2 shows 
the relationship between activity and 
hydrolysis in two cases. Several ribo- 
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nuclease preparations were used and 
although they all have approximately 
the same specific activity they show 











widely different behavior. In the case 
of preparation I (made at the Carls- 
berg Laboratory) it would appear that 
a considerable number of bonds could 








be split without serious effect upon 
the activity while the curve for pre- 
paration II (from Nordisk Insulin 














Laboratory) is much more linear and 
might just indicate the trivial fact 
that the breakdown proceeds practi- 











5 36 35 cally without formation of inter- 

Bonds split mediary products’»'. The shape of 

Fig. 2 curve I may be explained in different 
ways: 


a. Active intermediary products are formed. 

b. The RNase preparations are mixtures of active components with widely different susceptibility 
to subtilisin. 

c. An activator for RNase is formed during the digestion. 

Similarly curve II may be interpreted as follows: 
e. No active (or inactive) intermediary products are formed. 
f. Active intermediary products are formed but 
f,: An inhibitor for RNase is formed during the digestion. 
f,: An activator for RNase is removed during the digestion. 

Since our small stock of preparation I was exhausted in preliminary experiments (Fig. 2) we 
concentrated on Prep. II of which we had ample quantities. It was tested for purity according to 
Hirs, Moore AND STEIN® and found to be satisfactory (Fig. 3). The breakdown by subtilisin was 
studied as described above, except that we determined both the activity towards RNA (KuNITz) 
and, following a suggestion by W. ANDERSEN, the activity towards the cyclic phosphate of uridylic 
acid (kindly presented to us by Professor A. Topp) thus separating the influence of subtilisin upon 
the two functions of RNase: the diesterase activity and the action upon cyclic phosphate (DEase- 
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and CPase-activity respectively) (see *: © and ™). The method for the measurement of CPase-activity 

will be described in detail in a later publication, but the principle was that of determining the shift 

in absorption spectrum occurring when the ring is opened. Fig. 4 

shows the results. Although the experimental errors (as in Fig. 2) 

are rather large, it is evident that the DEase- and CPase-activity 

I\ do not disappear simultaneously. This observation may be under- 
stood by assuming that 
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> e,: A selective activator for CPase is liberated in the 
3 digestion. . 
& f. Active products are formed, and ' P 
3 f,: They show a higher ratio CPase/DEase than the original 1 
= 10 at RNase, indicating different sites for the two functions in RNase. 1 
a f,: They show the same ratio CPase/DEase but a selective 


inhibitor of DEase is formed. 


Experiments to be reported later by one of us (RICHARDs) 
has made it likely that f, actually represents the facts. It has 
been shown that an active intermediary product (AIP) is formed 
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i and may be separated in the digest from intact RNase by 
H chromatography on IRC-50 columns*. The detailed description 
/ of its properties will be given elsewhere but it should be mentioned 
(eae here that it is not able to pass cellophane membranes (c/.!*) and 
J" especially that its ratio CPase/DEase is the same as that of intact P. 
20 40 tbe Ne 60 RNase. The presence in the digest of a selective DEase inhibitor + 
which is removed in the column is suggested by the fact that the : 
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blank 0.100 corrected for blank tions by Porter™ on the breakdown of ribonuclease by pepsin “ 
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The nature of the reaction between diisopropylfluorophosphate 
and chymotrypsin 


JANSEN et al.!.* were the first to study the inhibition of chymotrypsin using **P labeled diiso- 
propylfluorophosphate (DF**P). They showed that one mole DF**P was bound per mole of active 
enzyme, that a fluorine ion was released during the reaction and that the reaction product consisted 
of the original protein with a diisopropylphosphate (DIP) rest*. Moreover it was demonstrated by 
ScHAFFER ef al.4.5 that this reaction product yielded O-serinephosphate on acid hydrolysis. 

In the course of our study of the pharmacological action of organophosphates we became 
interested in the character of the bond resulting from the reaction of DFP on mammalian cholin- 
esterase®. In view of the limited supply of purified cholinesterase available at the time, we decided 
first to obtain more basic information about the inhibition of crystalline chymotrypsin by DF*®P. 
It was assumed that this inhibition could serve as a satisfactory model for the corresponding reaction 
on cholinesterase. This hypothesis was supported by the fact that other esterases could be demon- 
strated to produce serinephosphate on acid hydrolysis. This was shown by SCHAFFER é¢ al.’ for electric 
eel cholinesterase, and by us for purified bovine cholinesterase, serum pseudo-cholinesterase and 
stroma ali-esterase*. SCHAFFER et al.5 have repeatedly stressed that these findings do not necessarily 
mean that the primary point of attack of DFP on the chymotrypsin molecule would involve the 
hydroxyl group of a serine molecule. The isolated serinephosphate might be produced during and 
as a result of the acid hydrolysis. It appeared to us that breakdown of chymotrypsin-DFP by enzymic 
methods, avoiding the acid hydrolysis, might yield a product which on analysis would provide 
information about the primary side of reaction of DFP. 

For the breakdown of the chymotrypsin-DIP a polyvalent commercial pancreatic enzyme 
preparation was used”. This preparation was able to split a number of proteins, including chymo- 
trypsin, into amino acids. It seems reasonable to assume on the basis of the specificity of proteolytic 
enzymes, that the presence of an unusual group in the protein molecule (like the DIP group in the 
chymotrypsin-DIP) might interfere with the normal breakdown of such a protein. Thus a peptide 
might result, containing this unusual group (in the present case the **P labeled DIP) in addition 
to a number of amino acids. Hydrolysis of chymotrypsin-DIP by cotazym indeed produced a single 
peptide which contained 50 to 60% of the original DIP group. The isolation of this peptide from 
the hydrolysate could be effected by distribution between water and phenol, followed by paper 
chromatography in butanol-acetic acid-water and butanol-water, or better still by zone electro- 
phoresis on a starch column® at pH 4.6, followed by paper chromatography in butanol-acetic acid- 
water. 

The isolated peptide had the following properties: 

1. It was stable against hydrolysis by cotazym. 

2. It moved rapidly towards the anode on the starch column, suggesting a high acidity (oddly 
it hardly moved on paper electrophoresis). 

3. On alkaline treatment (pH 11.0) and heating at 100° C for 5 minutes all labeled phosphorus 
was split off as DIP, indicating that the labeling group was still present as DIP. 

4. On acid treatment (pH 2.0) at 100° C the peptide did not produce DIP and yielded serine- 
phosphate on continued acid hydrolysis with 2 N HCl (15 h 100° C). 

5. Per DIP group the original peptide was shown to consist of the following amino acids: 
proline (1), leucine (1), aspartic acid (1), serine (1), and glycine (2 or 3). 

The sequence phosphoseryl-glycine, demonstrated by SCHAFFER ef al.!°, could obviously occur 
in the present peptide. We do not know yet where the DIP group is situated, but in view of the 
mild treatment we applied, it seems reasonable to assume that this localisation will not be different 
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from the original point of attack of DFP on the protein. Further work is under way to elucidate 
the sequence of the amino acids in the isolated peptide, the localisation of the DIP group and the 
chemical composition and properties of the peptide resulting from the alkaline treatment. 


Medical Biological Laboratory of R. A. OOSTERBAAN 
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1 E. F. JANSEN, M. D. FELLOws NutTTING, R. JANG AND A. K. Batts, J. Biol. Chem., 179 (1949) 189. 
2 E. F. JANSEN, M. D. FELLows NutTING AnD A. K. Batts, J. Biol. Chem., 179 (1949) 201. 
3 E. F. JANSEN, M. D. FELLows NutTInG, R. JANG AND A. K. Batts, /. Biol. Chem., 185 (1950) 209. 
4N. K. SCHAFFER, S. C. May AnD W. H. SuMMERSON, Federation Proc., 11 (1952) 282. 
5 N. K. SCHAFFER, S. C. May AND W. H. SuMMeErRson, /. Biol. Chem., 202 (1953) 67. 
6 J. A. COHEN, R. A. OOSTERBAAN AND M. G. P. J. WARRINGA, Résumés des comm. II Congres Intern. 
Biochimie, Paris 1952, 231. 
7 N. K. ScHaFrer, S. C. May AND W. H. SumMmeErson, /. Biol. Chem., 206 (1954) 201. 
8 J. A. COHEN, R. A. OOSTERBAAN AND M. G. P. J. WARRINGA, Arch. Int. de Physiol., 62 (1954) 574. 
® P. FLODIN AND J. Poratu, Biochim. Biophys. Acta, 13 (1954) 175. 
10 N. K. SCHAFFER, S. HARSHMAN AND R. R. ENGLE, Federation Proc., 13 (1954) 289. 


Received December 22nd, 1954 





* Cotazym Organon Oss (Holland). 


Purification of cholinesterase from ox re <ells 


In a previous communication! a method was reported for the preparation of soluble cholin- 
esterase from ox red cells presenting a 250-400 fold purification. These preparations still suffered 
from various disadvantages; they were still of limited purity and had a tendency to lose solubility 
particularly after freeze drying. 

A new method will be described which yields preparations approx. 10 times as pure as that of 
the previous ones which can be satisfactorily freeze dried without loss of solubility. 

Analytical methods. As described previously!. 

Procedure. Stroma was prepared as before!. Instead of being freeze dried it was now added 
to one | of phosphate buffer 0.02 M pH 8.0 containing 20 g NaCl and 2 ml cotazym (a pancreatic 
extract purchased from N.V. Organon, Oss; 3 tablets are dissolved in 22 ml of distilled water and 
centrifuged to remove insoluble material). This mixture is adjusted to pH 8.0 with NH,OH 25% 
and after vigorous shaking incubated for 16 hours at 37° C. After incubation the pH is readjusted 
to 8.0 and the mixture centrifuged in the Servall vacuum centrifuge SS2 (approx. 14,000 rpm). 
The supernatant is saturated to 0.7 with ammonium sulphate and allowed to stand at 5° C for 1 hour. 
After centrifugation in the Servall centrifuge the precipitate is dissolved in distilled water. This 
solution is dialysed overnight against three different lots of distilled water at pH 7.0. The dialysate 
is centrifuged and the supernatant adjusted to pH 6.2. Alcohol is added to a concentration of 9 % v/v 
at —2° C. The precipitate is discarded by centrifugation at 2,000 rpm at —2° C. The alcohol concen- 
tration of the supernatant is increased to 32.8% v/v at —5° C. The precipitate is dissolved in 100 ml 
phosphate buffer pH 7 (0.01 M). 

To samples of one ml of the solution calcium phosphate gel? is added until the supernatant 
on centrifugation is optimal as regards enzyme concentration and purity. Usually two volumes of 
the gel have to be added in two stages. The pH should be kept at 7.0. The bulk is then treated with 
calcium phosphate gel according to the results obtained on the sample. The gel is separated by cen- 
trifugation and the supernatant saturated to 0.8 with ammonium sulphate at pH 6.5. After standing 
overnight at 5° C the precipitate is spun down and dissolved in 0.01 M phosphate buffer (pH 7.0), 
dialysed and freeze dried. 

Preparations with an average activity of 100,000—350,000 units per mg N were obtained. 

To our knowledge the mammalian cholinesterase prepared in this way is considerably purer 
than any reported in the literature or commercially available. 

Mia G. P. J. WARRINGA 
Medical Biological Laboratory of J. A, COHEN 
the National Defence Research Council T.N.O., 
Rijswijk (Netherlands) 
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The contraction of muscle fiber and myosin B 
thread in KI and KSCN solutions 


Models of muscular contraction made from glycerol-washed rabbit psoas muscle or extruded 
myosin B solution can be made to contract by adenosine triphosphate (ATP)! or inosine triphosphate? 
when certain ions are also present. The kind of ions is not specific but ATP and ITP are the only 
substances previously known to cause this contraction!. It is an observation of long standing that 
neutral Nessler’s reagent (HgI, in KI solution) produces contraction of tendon*.*.>. We have found 


that this reagent also causes muscle fibers as well as myosin B threads to shorten. 
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TIME IN MINUTES 


Fig. 1. The shortening of psoas muscle fibers in 
various concentrations of neutral HgI,-KI solution 
plotted against time. ‘‘Shortening’”’ is the ratio of 
lost length to initial length expressed as percent. 


Fig. 1 shows the shortening effect of various 
concentrations of the reagent. The speed as well 
as the extent of shortening depends on the con- 
centration. In addition, the extent of shortening 
was found to decrease when the amount of Hgl, 
present in a given KI solution was decreased. 
Nevertheless, even in the absence of Hgl,, there is 
a fast shortening but it is followed by an elongation 
(Fig. 2). It appears, therefore, that the contracting 
agent is the KI but its action is soon counter- 
balanced by another process which causes the 
fibers to elongate. The presence of Hgl, eliminates 
this process so that the fiber contracts without 
the subsequent elongation. Many of these time- 
shortening curves in the presence of HgI,-KI solu- 
tion approximate the course of a first-order reaction. 

HglI, dissolved in KSCN has similar effects. 
Here again, HgI, prevents the elongation following 
the fast contraction elicited by KSCN. 

In these experiments pH values of the reagent 
between 7 and 10 had no effect on either the speed 
or the extent of shortening. 
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Fig. 2. The shortening of psoas muscle models in 
two concentrations of KI plotted against time. 
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TIME IN SECONDS 
Fig. 3. The shortening of myosin B threads in 
0.44 M HglI,-1.25 M KI solution. The initial 
shortening (a) was followed by stretching 
and setting as described in the text and then 
reimmersion in the solution. After the second 
shortening (b) the thread was stretched to 
a still greater length and shortened a third 
time (c). 





In addition to shortening, these reagents make the fibers extremely elastic. They can be stretched 
to two- or threefold their original length. When kept stretched the fibers remain ‘‘set”’ at that length 
if the reagent is washed out. Renewed immersion into the reagent causes contraction again. This 
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process can be repeated several times. Preliminary experiments show that these fibers not only 
shorten but develop tension comparable to that obtainable with ATP. 

In the above experiments, bundles of 5—10 single fibers (35-40 mm in length) separated from 
glycerol-washed psoas muscle were used. After the length of these fibers had been measured they 
were transferred to reagent on a microscope slide, and the shortening followed by measuring the 
length at various time intervals on a millimeter rule lying under the microscope slide. The ratio 
of the lost length to the initial length expressed in percent is called the shortening (Figs. 1, 2). 

Since these muscle fibers contain connective tissue, the possibility exists that the above reagents 
act on the collagenous rather than on the myosin component of the fibers. These reagents, however, 
also cause threads made from myosin B to contract (Fig. 3). In order to demonstrate this shortening 
effect, threads prepared from purified myosin B first were immersed in a dilute reagent. This altered 
the threads so that it was possible to extend them several times their original length. Then, the 
reagent was washed out by soaking the threads successively in versenate solution and distilled H,O, 
a process which “‘set’”’ the threads at an extended length. When such threads are immersed in a 
more concentrated reagent, they contract rapidly. The contraction of a “‘set’’ fiber may be repeated 
several times (Fig. 3, b and c) and the shortening appears proportional to the length at which the 
fiber was ‘‘set’’. Therefore, the behavior of these threads is analogous to the behavior of fibers and 
these reagents act on the myosin B component of the muscle fibers. 

It is too early to speculate on the mode of action of these reagents but it might be pointed 
out that both KSCN and KI are known to depolymerize actin*:’ and eliminate flow birefringence 
of myosin solutions’. 


‘ ; “# . ; K. LakI 
National Institute of Arthritis and Metabolic Diseases, W. J. Bowen 
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The action of carboxypeptidase on ribonuclease“ 


A question which arises in attempts to determine the mechanism of action of enzymes, is whether 
the whole protein is necessary for catalytic activity. Crystalline ribonuclease (purchased from 
Worthington and Armour Laboratories) was selected as a suitable starting material since it is fairly 
stable, has a relatively simple structure, requires no co-enzyme or metal ion, is easily obtainable 
in electrophoretically homogeneous form, is assayed for fairly readily and is inexpensive. 

Of the variety of tools available for degrading ribonuclease (RNase) the enzyme carboxy- 
peptidase was the method of choice, since it is now used as a general method for determining the 
C-terminal end groups of a number of different proteins!»?»3. RNase was assayed using a modification 
of the method published by ANFINSEN ef al.4. The amino acids liberated were separated by descending 
paper chromatography and quantitatively determined by direct photometry of the ninhydrin spots, 
according to the method of RoLAND AND Gross’. 

Experiments were carried out by dissolving the substrate (RNase) in a small volume of phos- 
phate buffer at pH 7.7 and adding carboxypeptidase to bring the total volume of the solution to 
0.2 or 0.3 ml. As can be seen from Table I, the first amino acid which appears in any quantity is 
valine followed by leucine and phenylalanine. In addition, faint spots were discernible which corre- 
sponded to alanine and tyrosine (Table I, Experiment 1). The sixth amino acid to appear was methio- 
nine (Experiment 2). These results are exactly in accord with those obtained by ANFINSEN e/ al.‘. 
Further increase of carboxypeptidase in these experiments gave no appreciable increase in digestion. 
Since o.1 M phosphate buffer very strongly inhibited the action of carboxypeptidase®, veronal buffer 
of the same pH was substituted for the phosphate. Adequate digestion took place, but under these 
conditions the veronal interfered with the chromatographic migration of the amino acids. However, 
in 0.01 M phosphate buffer, pH 7.8 or in alkaline water of the same pH more appreciable digestion 
took place (Table I, Experiments 1 and 2). Here again, valine, leucine, phenylalanine, alanine, 





* This investigation was supported by funds made available from the Institutional Cancer Grant 
to the State University of lowa College of Medicine. 
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TABLE I 
SOME PRODUCTS OF THE DIGESTION OF RIBONUCLEASE WITH CARBOXYPEPTIDASE 
Experiment number I 2 3 4 
Amino acids RNase Amino acids RNase Amino acids RNase Amino acids RNase 
Product liberated digested liberated digested liberated digested liberated digested 
uM % t uM (%) uM %) uM (%) 

(a) (b) 
Valine 0.18 6 0.21 II 0.39 II 0.66 22 30 
Leucine 0.15 5 0.20 10 0.35 10 0.56 Ig 30 
Phenylalanine 0.13 4 0.22 11 0.32 9 0.57 se 
Alanine Trace 0.20 10 0.75 22 1.2 — 
Tyrosine Trace 0.26 13 0.38 II 0.53 18 28 
Methionine 0.15 8 0.33 10 0.30 Io 616 








tyrosine and methionine were identified and in addition, at least four other spots appeared. There 
was no decrease in RNase activity after the digestion with carboxypeptidase. In Experiment 3, 
the appearance of large amounts of alanine is undoubtedly due to the liberation of an additional 
alanine residue from the substrate. 
t uw Moles of amino acid: 4M of RNase x 1oo. 
* Spot too diffuse to measure accurately. 
** Spot too dense to measure accurately. 

Experiment 1: 45 mg (3 4M) of crystalline RNase + 0.06 mg (0.0018 4M) of crystalline 
carboxypeptidase, in a total volume of 0.3 ml of 0.1 M phosphate buffer pH 7.7; digestion time, 
4 hours; temperature 25° C in all experiments. 

Experiment 2: 30 mg (2 4M) of RNase + 0.04 mg (0.0012 4M) in a total volume of 0.2 ml 
phosphate buffer, 0.01 M, pH 7.8; or alkaline water, at same pH. Digestion time, 22 hours. 

Experiment 3: 51.4 mg (3.44 uM) of RNase + 0.06 mg (0.0018 4M) of carboxypeptidase in 
a total volume of 0.3 ml of 0.01 M phosphate buffer, pH 7.8; digestion time, 24 hours. 

Experiment 4: 45 mg (3 4M) of RNase + 4.7 mg (0.14 uM) in a total volume of 0.3 ml of 
0.005 M phosphate buffer, pH 7.8. The carboxypeptidase did not all go into solution; suspension 
stirred; digestion time, part (a) 6 hours 5 minutes; part (b) 11.5 hours. Values not corrected for 
4.8% moisture content of the RNase. 

Further decreasing the ratio of substrate to carboxypeptidase to approximately Io:1I on a 
weight basis and 21:1 on a molar basis resulted in the digestion of over 20% of the RNase molecules 
present after six hours (Experiment 4a), assuming one mole of the C-terminal end group, valine 
had arisen from one molecule of RNase. Enzymic assay of the digested RNase even after 7.5 hours 
of incubation with the carboxypeptidase (Experiment 4b), showed no decrease in activity even 
though approximately 30% of the RNase molecules appear to have been divested of their C-terminal 
valine end group. In addition to the 6 amino acids already mentioned isoleucine was identified, 
plus spots corresponding to arginine, lysine, glycine and/or serine, and aspartic and/or glutamic 
acids. In this experiment, the phenylalanine spot was too diffuse and the alanine spot much too 
dense to be read accurately. 

Paper electrophoresis of the enzyme at four different pH’s (pH 4.6, 5.9, 6.8, and 8.5) showed 
only one protein spot. 

A possible explanation for these results which have been observed, is that the whole, intact 
protein of the crystalline enzyme RNase is not necessary for the activity of this enzyme, as assayed 
by the method of ANFINSEN é al.4. Further work is in progress to separate the digested molecules 
from the remaining, intact molecules, determine the enzymic activity of each and ascertain how 
far digestion can proceed before enzymic activity is impaired. 
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The biosynthesis of mucopolysaccharides in the skin of 
alloxan-diabetic rats* 


Substantial evidence has been advanced that the disturbance in the regulation of carbohydrate 
metabolism and the characteristically low store of liver glycogen in the diabetic subject can be 
restored with insulin treatment. Since it has been demonstrated that glucose is utilized for the 
synthesis of serum glucosamine by the rat! and for the synthesis of hyaluronic acid (HA) by the 
Group A streptococcus?:’, it appeared plausible that insulin regulates the utilization of glucose for 
the synthesis of mucopolysaccharides in the ground substance of connective tissue. An investigation 
was undertaken, therefore, to study the effect of insulin on connective tissue mucopolysaccharides 
utilizing C-labeled compounds and Na,*SO,. The present communication is concerned with pre- 
liminary findings on the HA and chondroitinsulfuric acid (CSA) in the skin of diabetic rats and 
provides data indicating that insulin plays a role in the synthesis of these substances. 

Adult male rats of the Sprague-Dawley strain were used throughout the experiment. Except 
for the animals on a limited food intake, the rats were fed Rockland chow and water ad libitum. 
The animals were divided into 3 experimental groups. Alloxan diabetes was induced in rats by a 
single subcutaneous injection of 150 mg of alloxan monohydrate per kg of body weight, as a 5% 
solution. A group of 20 rats was used 3 weeks after the diabetes was established. A second group 
of 20 untreated rats served as controls while a third group of 20 normal animals was maintained 
on half the average daily food intake for 3 weeks prior to and during the experiment. The weight 
loss in the latter group was similar to that in the diabetic animals over the 3 week period. 

Each animal was injected once subcutaneously with 1.2 ml of a solution containing 80 uC of 
4C-carboxyl-labeled sodium acetate and 2.7 wC of Na,**SO,, as an isotonic mixture. Ten rats in 
each group were sacrificed at intervals of 1 and 5 days after the injection. The animals were skinned 
and the HA and CSA fractions were isolated as described‘ from a pool of skins from ro rats. The 
MC of the separated fractions was determined after oxidation to CO, in a microcombustion apparatus. 
A silver wire was used in the combustion tube filling to assure complete removal of *S. 

The pertinent data are summarized in Table I. The amount of HA and CSA which could be 
isolated from the skin of diabetic rats was less than that from the non-diabetic groups, the decrease 
being more marked in the HA than in the CSA fraction. That HA appears to be more sensitive 
than CSA to an insulin deficiency is in keeping with the longer apparent half-life time® and the 
slower turnover rate of the latter compound in the skin of normal animals (Table I). 

The incorporation of acetate by the HA and the CSA‘ in the skin of the diabetic rat was found 
to be about 1/3 that in the skin of either the normal or partially fasted animal. The “C in these 
fractions at zero time (24 h after injection) is shown in the accompanying table. A similar decrease 
was found in the uptake of *S by the CSA in the skin of the diabetic rats. 

While the turnover rate of the skin HA is lower in the group of diabetic rats than in the other 
two groups, the turnover rate of the CSA appears to be unaffected. 

The data presented suggest that the synthesis of the connective tissue mucopolysaccharides 
is inhibited in the insulin deficient animal. This finding may be an important factor in elucidating 














TABLE I 
THE MUCOPOLYSACCHARIDES IN THE SKIN OF NORMAL, FASTED AND DIABETIC RATS 
Type of animal Aver. body wt. Hyaluronic acid Chondroitinsulfuric acid 
Concentration Radioactivity* Turnover rate** Concentration Radioactivity* Turnover rate*™* 
(20 rats group) g mg/100 g C.P.M. at mg day/100 g mg 100g C.P.M. at mg day /r00 g 
dry skin zero time dry skin dry skin zero time dry skin 

Normal 355 59.6 6009 7.7 38.1 2032 2.4 
Fasted 212 51.0 5811 9.3 55-3 1753 3-7 
Diabetic 210 30.2 1968 4.6 25.6 769 2.3 





* Refers to the “C in the group of 10 rats sacrificed 24 h after injection of radioactive acetate. 
All counts have been corrected for differences in body weight and are calculated on a per kg basis. 
All samples were counted as BaCO, in an internal gas-flow counter and were corrected to “‘infinite 
thickness’’. 

** The turnover rate was calculated from the turnover time® as the average quantity of each 
mucopolysaccharide synthesized and degraded/day/100 g dry skin; where tp = [polysaccharide] /¢; 
and t = 1.44 4. 








“This investigation was supported by grants from the National Heart Institute, United States 
Public Health Service, the Lasdon Foundation and the Variety Club of Illinois. 
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the delayed wound healing, decreased resistance to infection and accelerated vascular degeneration 
that occurs in diabetes mellitus. 
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The intracellular distribution of enzymes in Serratia marcescens 


The localisation of enzymes on particulate components of cytoplasm in the cells of higher 
animals and plants is well established. It has been shown in Serratia marcescens that the red water- 
insoluble pigment, pvodigiosin, could be isolated as a protein complex!. This would imply some intra- 
cellular organization. It became of interest therefore to see if it could be shown that in bacterial cells 
there occurs also an organised distribution of enzymes on different cell fractions. This preliminary 
note describes the distribution of a number of enzymes between particulate and soluble fractions 
obtained from this organism. 

The organisms were disintegrated by a high-speed mechanical shaker (5600 cycles/min)?. The 
capactity of the capsule in which the cells were disrupted is 20 ml; most effective breakage was 
obtained with 15 g of Ballotini glass beads size No. 14 and 1.5 g wet weight of S. marcescens suspended 
in 10 ml of 0.8 M sucrose, leaving an air space of about 3 ml. The capsule and contents were cooled 
to o° prior to shaking in the cell disintegrator for 15-20 seconds, the temperature during the shaking 
rising about 5°. Approximately 10 % of the cells were disrupted. Oscillation for longer periods lead to 
greater cell breakage but a different pattern of enzyme distribution. After diluting with 1.5 volumes 
of 0.3 M sucrose and removing the glass beads by centrifugation the supernatant was centrifuged for 
20 minutes at 3,500 g and the residue discarded, and this procedure repeated twice so that the 
supernatant was cell-free. All centrifugations were carried out at o°. The supernatant was then made 
0.17 M with respect to KCl and centrifuged for 20 minutes at 25,000 g; the sediment and supernatant 
were collected separately, and subsequent reference to the “‘supernatant’’ refers to this fraction. 
The sediment was then washed once with the original volume of 0.5 M sucrose containing 0.17 M 
KCl and the washed sediment finally suspended in 0.5 M sucrose for enzymic assay. Viewed in a phase- 
contrast microscope the sediment was heterogeneous, being composed of particles and debris. The 
sediment is hereafter referred to as the particulate fraction. The particulate fraction was not com- 
posed of cell nuclei as shown by analysis of the desoxyribonucleic acid (DNA) distribution; the DNA 
was exclusively in the supernatant. Whether the particulate fraction represents discrete bodies 
within the cell, or mainly fragments of cytoplasmic membrane cannot be answered. 

The distribution of a number of dehydrogenases between the supernatant and particulate 
fractions is shown in Table I. A disproportionate arrangement of the enzymes between the supernatant 
and particulate fractions is evident from Table I. It is possible to divide the enzymes associated with 
the particulate fraction into two groups: the first contains enzymes which are firmly attached to the 
particulate fraction, and the second enzymes easily dissociable from the particulate complex. The 
first group of enzymes is composed of succinic, a-ketoglutaric, lactic and formic dehydrogenases. The 
distribution of this group was not greatly affected by the disintegration period, being almost entirely 
concentrated in the particulate fraction under all conditions. Aconitase, fumarase, isocitric and malic 
dehydrogenases comprise the second group of enzymes, and with these the shaking period and the 
concentration of sucrose in which the cells were shaken was critical. 

These enzymes were found on the particulate fraction only with a period of shaking less than 
30 seconds and when a sucrose concentration of 0.8 M was maintained. If the sucrose concentration 
was 0.5 M or less, no aconitase or fumarase could be detected in the particulate fraction and di- 
minishing amounts of malic and isocitric dehydrogenases were found. The shaking period was even 
more critical, prolonged shaking rendering all of the enzymes in this group soluble. 

The supernatant fraction, although containing appreciable concentrations of aconitase, fumarase, 
isocitric and malic dehydrogenases could not oxidise aerobically any of these substrates. Just as in 
the case of animal cells the terminal oxidase system of S. marcescens is exclusively associated with the 
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TABLE I 
DEHYDROGENASE ACTIVITIES IN SUPERNATANT AND PARTICULATE FRACTIONS OF S. marcescens 








Substrate 


Usual THUNBERG technique, 38°. Each tube 

contained 0.003 M MgCl,, 0.015 M K,HPO,/ Nil 

KH,PO, buffer pH 7.3, 0.00003 M diphos- Citrate" 

phopyridine nucleotide and triphosphopyri- Isocitrate 

dine nucleotide (DPN-TPN), 0.008 M sub- a-Ketoglutarate 

strate, 0.5 M sucrose, enzyme in 0.5 M Sr einate 

sucrose, 2 drops of liquid paraffin, 0.0003 M Fumarate” 

dichlorophenol indophenol and water to 3.0 Malate 

ml. Activities are expressed as Q dye = ul Lactate 

dye decolorized/mg N/h. a-Glycerophosphate 

Formate 





* The actual compounds dehydrogenated are malate and isocitrate. 


TABLE II 
OXIDATION OF SUBSTRATES BY SUPERNATANT AND PARTICULATE FRACTIONS 


Manometry 30°. Each cup contained 0.003 M MgCl,, 0.015 M K,HPO,/KH,PO, buffer pH 7.3, 
0.001 M adenylic acid, 0.00003 M DPN-TPN, 0.008 M substrate, 0.5 M sucrose, enzyme in 0.5 M 
sucrose, water to 3.3 ml. The values cited are corrected for the endogenous respiration. 





Qo, (N) 


Subsivate Particulate Supernatant and 
fraction particulate fraction 








a-Ketoglutarate 83 — 
Succinate 175 — 
Malate 115 88 
Fumarate“ 44 67 
Citrate” o 15 





“In these experiments the manometers also contained a coenzyme concentrate prepared from 
yeast by the method of Lz Pace anD MUELLER‘ up to the first charcoal eluate. 
Qo (N) = wl O, uptake/mg N/h. 


particulate fraction. Recombination of the supernatant and particulate fractions, however, did not 
lead to the oxygen uptakes predicted on the basis of enzyme concentration alone. Table II illustrates 
the salient points. The oxidation of citrate was unexpectedly low and could not be improved by any 
method adopted. 

The low oxygen uptakes observed on recombination of the supernatant and particulate fractions 
may be explained in terms of dilution effects or in terms of enzyme orientation. Since the addition of 
coenzyme concentrates to the reaction mixture did not increase the rate of oxygen consumption, the 
latter explanation may be the more likely. It is considered from this work that aerobic oxidation 
within this bacterial cell may take place on particles distributed normally in the cytoplasm or that 
the enzymes are orientated on the cytoplasmic membrane. MoYED AND O’KAneE® have shown the 
presence of a terminal oxidase system on particulate fractions isolated from Proteus vulgaris. 
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